® 




Europaisches Patentamt 
European Patent Office 
Office europ6en des brevets 








(11) Publication number : 0 488 769 A2 



EUROPEAN PATENT APPLICATION 



@ Application number: 91311090.4 
@ Date of filing: 29.11,91 



@ Int. Cl.«: C12Q 1/68, B01L 7/00. 
G05D 23/19 



(30) Priority : 29.11.90 US 620606 

14.03.91 US 670545 

@ Date of publication of application : 

03.06.92 Bulletin 92/23 

(Si) Designated Contracting States : 

AT BE CH DE DK ES FR GB GR IT Li LU NL SE 

5i) Applicant : PERKIN-ELMER CETUS 
INSTRUMENTS 
1400 Fifty-Third Street 
Emeryville, California 94606 (US) 

@ Inventor : NIossa, Albert Carmelo 
15 Oxen Hiii Road 
Trumbull, Connecticut 06611 (US) 
Inventor : Goven, Lisa li/lay 
535 Vlnceiette Street, Unit 8 
Bridgeport, Connecticut06606 (US) 



Inventor : Atwood, John Girdner 
149 Llmelciln Road 

West Redding, Connecticut 06896 (US) 
Inventor : Williams, Fenton 
72 Stony Hill Village 
Broolcfleid, Connecticut 06804 (US) 
Inventor : Woudenberg, Timothy M 

26 Whitiocic Ave 

Bethel, Connecticut 06801-2818 (US) 
Inventor : R/largulies, Marcel 

27 Farragut Road 
Scarsdale, New Yoric 10583 (US) 
Inventor : Ragusa, Robert P 
3 Wiley Land 

Newton, Connecticut 06470 (US) 
Inventor : Leath, Richard 
1136 Alameda 

Berlceley, California 94707 (US) 

4) Representative : BIzley, Richard Edward et ai 
HEPWORTH LAWRENCE BRYER & BiZLEY 
2nd Floor Gate hlouse South West Gate 
Hariow, Essex CM20 UN (GB) 



CO 

00 
00 



Q. 

Ul 



(g) Thermal cycler for automatic performance of the polymerase chain reaction with dose temperature 
control. 

67) An instmment for performing highly accurate PGR employing a sample block in microliter tray format 
The sample block has local balance and local symmetry. A three zone film heater controlled by a 
computer and ramp cooling solenoid valves also controlled by the computer for gating codant flow 
through the block controls the block temperature. Constant bias cooling is used for small changes. 
Sample temperature is calculated instead of measured. A heated cover defonns plastic caps to apply a 
minimum acceptable threshold force for seating the tubes and themnally isolates them. The control 
software includes diagnostics. An install program tests and characterizes the instrument. A new user 
Interface is used. Disposable, muitipiece plastic microtiter trays to give individual freedom to sample 
tubes are taught. 
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Background of the Invention 

• .n««n nortaincs to the field of coiTiputer directed instruments for performing the polymerase chain 



in 1987. 



Alnii^^Hnn^ of PCR technolooy are now moving from basic research to applications in which large numbers 
ZsSl^alrmi^ b. assured otrepreduclbll^f^n, ,««pl.««»npl., ~r-B»un. lab-Wab. and 
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the temperature cycling and reaction conditions necessary ror r^i^ a 

Md^ton 3 the»nip»a«,r.<>fthe™actl<.nml»tur.teral8«ltoat«np««lian««>ran9eft<»n60 C«o72 C 
STt^ hSS™ m,n«a to p«»»t. »>e s,n«».ia of axtanaion p«duc«. Th,a conplaBs ons cyde. Tha 
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"■"'Generally it Is desirable to change the sample temperature to the next temperature "^^J'^^ J^^^^^^^ 
is that a minimum time for holding the reaction mixture *ictablish the "floor" or minimum time 
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a am. rausWy P-<.po*»>al to the s,.a« o( «ie 'f^'^^'i^^^ la n,ad. large- «> «^ 

while maintaining accurate temperature ""■^7'^^^;"°"/^^^^^^ important need has arisen in the 

Because of the time required for ^^-^P^^ J^^^^^^^^^^^ gradients that extend over 

design of a high peribm^ance PGR j;^^"""'" ^^^^^^ the requirement for heat to travel 

Summary of the Invention 

According to the teachings of the Invention. «^-e i^^^^^^^^^^^ 
reasing the delay between changes in sample t^";- ^^^^jj*^^^^^^^^ but each has a thin waiied 

temperature of the reaction mixture. Two drfferent sample /'^^^'y^^" p,^^ cones with 17- angles 
conical section that fits into a matching conical '"^^^^^ 
relative to the longitudinal axis are used to P«^«"* J« °^*!^^^^ 

fit. Other Shapes and biocKs such as liquid baths. 

Also, other types of heat exchangers can also oe u ^^^^ ^.^ whatever 

ovens, etc. However, the wall Jickne^s of the ^^'^ ^, *Xg '^^^^^^ strong to withstand the 

heat exchange is being used should be as thin as P°®^"^ ^° '"^^^^ ^^^^^ tubes are made of auto- 

thermal stresses of PGR cycling and the ^^^^^^^^^^ ''S;^^5Z ^Zl sec«on in the range from 

therrrrster:^^^^^^^^^^ 

i may be added after PGR processing^ configuration except for the thin walls for com- 

The sample tube shown in Figure 50 has 'f^^ f^^"^^. tube which can be used with the 

patibility in other PGR systems. The sample tube of Figure 15 is a snoner 

^n:e"J:«ofthesystemenvironment^^ 

0 are summarized below. »»u«h anriaooaratus for achieving very accurate temperature con- 

There is also described herein a novel -"^^^f .^"^^^^^^^^^^^^ during the perfomiance of very 

trol for a very large ""-''«-;-'^P^in?tt^^^^^^^^^^^ ^ ! 

rapid temperature cycling PGR protocds. The Cachings o ine ^ ^tus. control electronics and 

sample block, sample tubes and ^"PP^'*'"^ of^^^^^^^^^^ perfom, the PGR protocol. 

« software, a novel user interface and a "^f*^'* °^ "^^^^^ aSication on up to 96 samples with very 
The instrument described herein » designed "^^^^^Jl^Zij^^y, means that all samples go up and 
tighttolerances Of temperature contrdacjoss^^^^^^^^^ 

down in temperature simultaneously with very 1. we drf^^^^^^ instrument described 

contamination between sample wells. ^^tuna af hAatina and cooling an aluminum sample 

S5 blo* to tuarmally cyde »amt<e> m ll» =""''7 * ^ norconlrolled vaiying ambient »m- 

sampla-to^ampl. uritom-ity e«lats despite and coolant tomperatu... 
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... * „ f« OR individual sample tubes containing DNA for thermal cycling each sample 
plate for accommodation of up to 96 individual samP'«^"i' best fit with the sample block under downward 
kibe having individual freedom of movement ^'^^^^ ^^^^^^^ to find the best fit. provides 

pressure from a healed cover. The microtiter P'f*^^^;^";^^^^^^^^ even if differing rates of ther- 

high and untfom, themial conductance from the f^^^ "^S^."; ^ .^^^^ of the sample tube and microtiter 

mal expansion and contraction between the '^^^^J^^'^X^^^el^^^^^^^^ block to change relative 
platestructute cause therelativecenter-to^enterdimen^^^^^ P 

to the center-to-center distance of the sample t^^es .n the d«p^a^^^ ^Xpa^tus for controlling the PGR 

The teachings of the invention also contemplate a "^^J^^^,^^^^ 
instrument which includ^ the ^''''J' ^ ~ are used to contra, 

processed without directly measunng these ^^P^^^-J^^^ ^.^^.^ ^and for each target temperature of 
L time that the samples are held ^^f" ^^^^^^^ to the'sample block and 

incubation. The control system also con^ls a t'^'^^-^""^^^/^^^^^^^^ ^he sample block which, when corn- 
gates fluid flow through directionally interiaced ^^P^~' "^/^ a facility to achieve rapid 
Led with a constant bias cooling flow of ^^^^^^^^^^^ T^^^eS^^ specked by the user. The 

temperatore changes t-n^o'nXTe'T^^^^^^^^^^ ^^"^'"^ ^""""I' 

method and apparatus for controlling the three "^V^ jure and ambient temperature in cal- 
among other things, the line voltage, block ^^'^P^^^^^' heater. This heater 

culatingtheamountofelectrfcalenewtobesuppliedto^^^^^^^^ ^ that 

rce^rrs^rr rr ^^^^^ - ^ - --'^ 

can be compensated. This helps P^^"* *f""2r^n^^^^^^ P--«"S loss of sol- 

The teachings of the at temperatures near their boiling point, 

vent from the reaction matures when the samP'f «^J^®!"9 ^""^^^ ^^h an Individual cap which provides a 
A heated platen covets the tops of ^^f^^ ^i^Jupp^r pal of each sampte tube and 
ga^tight seal for each sampte tube. Th« he^^^^^^^^^ '^Tt^Zo cindensatton and refluxing occurs within 
the cap to a temperature above the condensation P°'"t ^"^^^^^ .^^.^ amount of heat equal to 

any sampte tube. Condensation represente a ^^'^^'^^J^ '^j^^^^* ^^^^^^^ 
the heat of vaporization is given up when water vapor conoensw.^ 

prevents any conden- 

, ronlSir^^Z'^a^; ratterthrbrr^S^^^^^ - Po-. tempera^re erro.. The 

-rrr^^h:r^s=;=^^ 

perimentelly detem>ined minimum downward ^'J'*;; *° conductance 

Lperatu^ controlled sample block so as to estebhsh '^J^^^^J^^.^^^^^ variations from tube to tube 

' rte^T^m^r-r dTin^^^^^ — - ^ ^ 

nK,re snugly in thei'r coaesponding sample ^ll^" toSly destroy the caps elasttarty. Thus, a 

The heated platen softens the plastic of desprte differences in tube height 

minimum threshold downward forced Is successfully applied to each tube oespiie 

to from tube to tube. . o or more and lowers reagent cost 

centrifuge tube. 
45 Brief Description of the Drawings 

Fiqure 1 te a block diagram of the them^al cycler according to the Cachings of the invention. 
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'^,^XTa^^^ ^ 0. , ^ tub. and cap „a.ed In *e sample 
Figure 16A is a graph of the impulse response of an RC circuit. 

nxre^TJjr;?s:sra£:r : w - - -p. pio*,a.p. ... >^ 

'^7^ Tsi: a";:p"^n'JSana^a.on »mp««wre ^. ^ 0, DNA ^.n- 

ZT,:^^T.^^:"^ ^raSr .no. » - 

'"Tla.™ 21A I, a eroa^onal vl«. of aaaemW, o. on, an,bodlmant of the .ran,e. ..talnar, sampte 

'^C?^tT,':^::^SLT>^' aas^nbl, ». *a p«««d en,bod,.en. C .he »an,e, «.^ne,, 

-^^alrrirnr^CX^pTpie .0. n.c™.», pla«. 
Figure 23 is a bottom, plan view of the frame. 
Figure 24 is an end, elevation view of the frame. 
Figure 25 is another end. elevation view of the frame. 

F gure 26 is a cross-sectional view of the frame taken along sect|on I ne 26-26 n F^u e 22. 
Ffaure 27 is a cross-sectional view of the frame taken along sect«)n line 27-27 in Figure 22. 
Figure 28 is an edge elevation view and partial section of the frame. 
Figure 29 is a sectional view of the preferred sample tube. 
Figure 30 is a sectional view of the upper part of the sample tube. 
Figure 31 is an elevation view of a portion of the cap stnp. 

Figure 34 is a side, elevation view with a partial section of the retainer. 
Figure 35 Is an end. elevation view of the retainer. 

Figure 36 is a sectional view of the retainer taken along section I ne 36-36 in F gu e 33. 
Fioure 37 is a sectional view of the retainer taken along section line 37-37 in F gure 33. 
F-igu- 38 is a ^faTvL of the plastic disposable support base of the 96 well microtiter tray. 
Figure 39 is a bottom plan view of the base. 
Figure 40 is a side elevation view of the base. 
Fiaure 41 is an end elevation view of the base. 

with some sample tubes and caps in place. 

^.&i;ra„rrr«rdSi"rrr^v;r4^^^^^ 

" Figure 48 is a schematic of a typical zener temperature sensor. 

, ""SZ'' 5' ^ a graph sho»ln9 «,e dffle^no. In reeponse *ne be».ee„ *e «,ln walled ea,npl. tibea and 

the thick walled prior art tubes. 

Figure 52 is a plan view of a sample tube and cap. 
Figure 53 and 54 are flow charts of the power up test sequence. 
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Detailed Description of the Invention 

ie including a keyboanl and dlapl.,. The canM p-oces.la9 un« 20 

20 (l,e«aflac ««»»re. retard » as a ""^ LdaB defining «..d«ir.dPCR protocol 

includes « .*i* a^rea ^T^T 'Z^^^^ oatsT^e CPU 20 to conttol Bmpera- 

A block diagram of*. olecWnioa wll be "^^'S'^™.^^^ b,a»« and o«w alec 

sireZL"rr,reis::s;sirn:r;=e^°°-^ - - — 

such as a suitably programmed Pe^«o"«' ~'^P"*";.°' ""Jj^^^^ seated in the sample block 12 and are 
The samples 10 are stored ^^^^^^^^^^^^^ 

thermally isolated from the ambient air by a "^^a*^^ . ^e. The heated cover serves, among 

cribed below tofbmi a heated, enclosed box m which J^he ^amp^^^ saTp r"'?«t^^ evaporation, condensation 

, 2::Zerp:rrrrr*=:dtr^^^^ 

0 pushed via a temperature sensor (not ^'^^^^ coolant such as a mixture of automobile 

A coolant control system 24 continuously «rcul«tes a c^^^^^ Uqu^d ^ . ^^^^ 

antifreeze and water through bias cooling «Jf "^'^^("^^^^^^^ iowthrough higher volume ramp cooling fluid 
output tube 28. The coolant contnj. syste- ^ ^so -nt^^J^^- ^^^^^^^^ 1, change the tem- 
flow paths (not shown) in the sample ^^^^^^^ 'JI^'^Z^I chilled liquid coolant through the block at a rela- 
ss perature of the sample block 12 by pumping 9 J,^^ 12 through tube 30 and exits the 

U high flow rate. Ramp cooling ^^^^^^ irsysteTl shown I Figure 46. The coolant 

rr;Te:n:zrr^^^^^ 

. ^"^^^Pically. the liquid c^^^^^^ 

ethylene glycol. The liquid coolant is chilled by a heat exchanger 34 receives compressed liquid 

extracted heat f«,m the sample block v-a «nput h.be^^^^^ ^ ^^^^^^^ 

freon refrigerant via input tube 38 from « f 'f^^T ^eSa^^^^^^^ compresses freon gas received 

(not Shown), a fan 42 ^^'^'^'"^ *° « ''""'^ 

45 from the heat exchanger 34 via tube 48 The Qaseous treon ^^^^ condenser 

condenser 44. The pressure of the liquid freon IS ma^^^^^^ 
byaflowrestrictorcapillarytube47.Theoutpu o tec^^^^^^^^^^^ 

M via tube 38. In the heat exchanger, the Pressu^ of the freon aHowed p ^ ^^^^ 

ure. and the freon expands. In P';°.'=^ causing the freon to boil. The 

so culating in the heat exchanger and this "^^f ^^'^ ^-T^^^^^^^ is compressed and again circulated 
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Expelling the heat 48 inside the encl(«ure h«'PS «va^^^^^ 3^ ^.^ 50 reen- 

After exchanging its heat with the freon. the hqt^^^^^^^ 
teis the coolant control system where it is gated as needed to me samp 

of the PGR cyde defined by data enterad by *e "^^^^J ^^^^ different temperatures and often 

As noted above, the PGR Protocd mvolves ""^^^n^^^^^^^^ ^ ^ ^j^^ a denaturation incubation 170 done 
threedifferenttempetatures.AtypicalPGRcyde.sshown.^^^^^^^^ 

at a temperature near 94-C. a hybridization '"'^"f^XlStSre n^^^^^^^ These temperatures are substantially 
3rG) and an extension incubation 174 done at a en^^^^^^^^ 

drfferent. and. therefore --^-"^^•"t '/nS CramTc^^^^^^ is the means by which the tempe,B.ure 
pies rapidly from one temperature to JJ^^^^S'^/perature denaturation incubation to the lower 

of the sample block 12 is brought down ^T^n Jfmo^aSrerTypicalW the coolant temperature is in the 
tempe,a,u« hybrid^ation and -^^^-^.^f^TZ^^^^^^^ loO watts of heat from the sample 

sr?;;r.rmr:^^^^^^^ 
r^grSnrr^^sG^rndi^^^^^ 

The ranp coolins <iy.lem. Ir s«™ '""'^^■^^^t^ p^efened embodimert. small MWml"" 

via 1/2- pipe and pumps it via a 1/2" p.pe to a ^'^"•^h^'^'"*;'^^^^^^^^ 47, ; portion of the flow in tube 45 is 
5 45 at a Lstant flow rate of 1-1 .3 gallons per f ' j^^' iJ^^^^^^^ t^t'on of the flow In tube 45 is 

diverted as the constant flow th«)ugh the b,^ cooling c»^annds 49^^^^^ P^.^^ ^^^.^^^ 

diverted through a flow restrictor 51 to J^f^J; 5^^* state solenoid operated valve 55 under the 
system such that a positive pressure exists tj^-";"* f^^^^^^^ implement a rapid downward temperature 

Itrol of the GPU 20 via bus 54. Wl^^^J^^P^'Xe sTto open to allow flow of coolant through the ramp 
„ change, the CPU 20 causes *e solenoKl operated v^^^^^^^ » p ^^^^ ^^.^^ , 

35 19 in the sample block 12. This <f^^:^;!^;^,^^JZ,o^^r.^e blo^. 12 for incubation segments 
sated by a multi-zone heater 156 which is *ermally j^upled to ^ ^^^^^^ 3^,, heat loss 

where the temperature of the sample block .s to ma^n te^^^^ iCenV^pCorttonal control both upward and 
caused by the bias cooling flow allows the ^^^^^^^ cooling at contmlled. predict- 

downward in temperature for small ^-^P^^^J^^s^m toTorrart fo? b-j^^ temperature errors to cause 

« able, small rates is available to J'^I^'P^^J^^^^^^^ entered by the user. The alternative wodd 

the blodc temperature to faithfully f ^^^/JJ^J^J^^^™^^^ ^ock to cod by giving up heat to the ambient t,y 
be to cut off power to the film heater and allow the sample D oc y ^^^^ ^ unpredictable 

.diattonandconvecUonwhenthebloc^^^^^^^^ 



radiation and conveciion wntsn u lo u.w^.v — -r- " ^*ifofiwo ppr rvdina 

to meet «ght temperature cont«>l specmcattons ^orj^^^^^f^^ '^^St^.^re 1 and is the means by which 
This multi-zone heater 156 is controlled by ^^.^^^^^ JO via Dus 

in alwnati™ embodimerts, bias cooling 

„ b,«»i.~=fa<»"lln9to'«'"°''"9«™*'™''"J^t!™nto^ 

JLlafc, tap walerxare n«»t bo lakan SS« r^P«a«« of soma samples lo <li»»9e 
gradlanB are no. o«a«d lb the sample '^'^^^Z^ PCR ampMcation ™».lt8 in some 

rrrsr:itrrr::r=r«bieo.,n,.p™p«^- 
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sorforthe cedent . Shown at 61 in Figure 46. The CPU a™ 

the housing of the system via an IZ m these items of data together 

the line voltage for the input power on line 58 v^a « J^^^^^^^^ 3,,^, ^3 target temperatures and times 
with items of data entered by the user to define <1«^'^ f 3^7^,35, beJ. This controi program cai- 
fbr incubations are used by a controi program to f/;"/^.^;"^^^^^^ Zr^,,^ biocic film heater 156 via 
culates the amount of power to appiy to the so^noid operated valve 55 in the coolant 

12istoprovideamechanicaisupportandheatexchang^^^^^ coolant flowing In the bias 

heat may be exchanged between the ''f ^^^^^^^^^^ is the function of the sample block 

cooling and ramp cooling channels formed ,n tf.e f^^^^^';^^^^ gradients between various ones 
12 to provide this heat exchange function w.thout J '^'"f,^'^^ PCR cycle even though 

helps. of a pcR cyde to exactly double the amount 

There are many sources °^ refering to RNA) during a cyde. For example, in 

of target DNA (hereafter DNA should be unde^tood ^f^^^^J^^^^^^^^^^ e„or that can easily occur 

some PCR ampir.cations the process st^^^^^^^^ 

results when this single cell stidcs to the wall of the sample woe . 
Another type of error is the entry of a foreign ""^'f ^J^^"^^^^^^^^ that is loose in the cell. When 

to eliminate all such sources of cross-contamination. temperature as between various ones 

Another source of enror is nonprecise ^^.J^Xt^^^^^^^ controlled to have the 

high, the primers will not anneal to the target DNAa* amprrfication process inaccurately when 

one can easily imagine the consequences of P^'^T,'"?, hepatitis, or the pre- 
PCR amplificaton part of ^^'J^-Uc ^^^^^^^^^^^^ negative result in such diag- 

sence of genetic diseases such as sidde cell anemia Ji Accordingly, it is an object for the design 

noetic testing can have disast«,us petBonal «f ' ^"^7^^^^^^^^^ possible errors as possible 
of the PCR instrument described ^^^^^^^^^^^ is compatible will 

nec with a simple use. Inletfaoe. maohlned out ot a solid block of relatively pure but 

,„ the p»fem>d the block st™*,re cut of a sdkl 

coitosion resistant aluirtmim such as fte 6061 castilumlnom structures tend not to be 

„ block of aluminum resulB In s ™« «v-al^y ^'^^"vTSrti^i-ture control speclT^atlons. 

-*sC'r?rc:^breSrJn,™riprre^a^^ 

r.ardr::rrrrrre=r:,r=^^^^^^ 

rrr^^:^ir^.=rJsr r^a-^r 3 . a .de .eva^on 
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view s.owin. .e coo,in. ^^^^^^^ 

elevation view of the sampte '^'^'^;Xe JL^^^^^^^^ 4-4' in Figure 2. Figure 5 is an elevation 
of the edge of the sample block 12 from the P«^P«^~* ""j'^ .. . ^ ,ine 5-5' in Figure 2. Figure 6 is a 
view of the end of the sample block 12 taken from the Pe^P«J^^^« J ''^^^^ ^ % ^ ^ 3e<Jional view 
sectional View of the sample biocklZtaken^^^^^^^^^ 
of the sample block 1 2 taken along section line 7-7 in Figure ngure 

12 taken along section line 8-8' in Figure J ft x 12 arrav of conical sample wells of which wells 

The top surface of the sample block 1 2 is ^J^'^/^^l^w^^^^^^ if Figure 8. The walls of each 

66 and 68 are typical. The conical "^^f,"^^^^^^^^^ sample tube. This 

sample well are drilled at an angle of 17- to is used to fomi the 

is done by drilling a pilot hole having the diameter Dw m Figure 8. Then a 17 counte 

conical walls 67. to «,hirh has a deoth which exceeds the depth of pene- 

The bottom of each sample -J"f^^^^^^^^^ fhe p lot hl and provides a small open space 

tration of the tip of the sample tube. The sump 70 "^J^^^^^ ggmple well. This sump provides 

beneaththesampletubewhenthesample^be^^^^^^ 

a space for liquid such as condensation that fomis on "ecessary to insure that the themial con- 

fit of each sample tube to the walls of the sample well. This t'jJ^J^^* t^^^e Any contamination 
ductance from the well wall to the sample liquid is uniform ana "'9" ^..^.^nce across the 

in a well which causes a loose fit for one tube will ''^^^^^y ^'^.^^ .,^o,^ed in seating the sample 
, array. That is. because liquid is substantially ""^-P^^^^'^^^^^^^^^ X in"e Attorn of the'sample well 

r r sTcr^^r ^^^^^^^^^ - - -"^^ ^ 

5 the sample tube to push the tube out of flush c-^^*'^/;^^^^^^^^ ^ be In flush contact with its cor- 

It has been found experimentally '^f^^^'^^'^'^^Z^ZdllZZ applied to each sample tube to keep 
responding sample well and that a certain — JJ^^^" ^ISe re^^^^^^^ „,ixture un^onr, throughout the 

seating force F is 30 grams and the preferred force '» ° 78. best seen in Figures 2. 

The array of sample wells is substan «1 y J ^^^^^ from the central area 

6 and 8. which has two functions. The L^^^^ through the thickness of the 

35 Of the sample block to the r^^-^^^^^^^^^^^^ gradients caused by the necessary 

sample block. This groove minimizes the . . . a secondary function is to remove ther- 

mal mass from the sample No* 12 so ^'l^^ called the ■ouatd bana-. The amount of metal removed 

will be explained more fully below. . positions of the various 

Referring specifically to Rgures 3 an^ 8 sample block 1 2. There are nine 
^ Z S :Ja:S ^atS rrn^nrals 91 through 99. Likewise, there are eight ramp cooling 

channels maiked with reference numerals 100 ti;~"9h J OJ aluminum of the sample 

Each of these bias cooling and ramp cooling ^^'^"f l^"" ^^^^^^ very stra'^ht hole which is 

block. The gun drilling process ^ ^ITJ "of ^rsaCe blo^^k^ 2. gun'iril.^ process drills a 

50 as close as possible to the bottom ^rfacej « ^^^^^^^^ J,^ ..^^ „ ,a„p cooling channels from 

straight hole, this process is preferred so as to P «^e"» «"y^^^ sample block or otherwise 

straying during the drilling process and P^^*'^^^ ^^.f f,"^^^^^^ cause undesirable tern- 

''ThrjL':^.?rr;e*rr»' - IL ..,cne ^, . .^e p™,e,«d emhodlmen. to 



10 



EP 0 488 769 A2 



reduce the thermal conductivity across the wall of the bias cooling channel. Lowering of the thermal conductivity 
SimaZhrouS^ttie bias cooling channels. This is the situation during the confrol process earned 

algorithm is used as will be described below. Since the block temperature ^^'^^^^^^'.^^^f '^^^ ^^^^ 
cooling Channel. 100 »™«i9h 107. Tha bias cooUns and ramp coclmg cbarnela are «,a earn. eM. ..... m* 

rr.rarrs;r r::;- r,:rJb™ng 0^.11 an. j.^^ ^ .h, .n. ... 

"■^hra"^'™ ^.Igl, 1 14 a« o»d «, bol. a codant menlfbld u, each elde o,,h, «impl. Mo* 12^ 

T Hrl"^r£^^nC™":. ^^^^^^ 

K ; tr?„ ftt lrtirnal view of Fioure 6 The positions of the bias cooling and ramp cooling channels relative 
ne'^ir™7::-'rbi.ee.?rnFl^»8.Theblae»<.^^^^ 

^^^.?X^Tz dTrectfon very far without aeating the possibility of penetrating the bottom 

9 « b1 teX^n 1^ <^ bZ.1«el bolB extend U^ogh support bra*e. inU, .he th«^ hol« 

pins and the "^i™'""'^ J* oerioheral structures from affecting these sample temperatures. 

, energy transferred /"^^'^^.'^^^^^^^^^ „^ counting holes for an integrated circuit temperature 

' . * f nwL fol r^^^ Figure 19 detailing the structure of the heated platen 14, sliding 

S^efrindTad'C^^^^^ Purpose of the spill collar Is to prevent any liguid spilled from the 

sample tubes from getting inside the instrument casing where it could cause corrosion. 
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Refer^ng to Figure 9. tHe« is " 'n "os^^^^^^^^^ 
156 coaf.gura«on for the sample blo<* ^^-Jhej^mp^^^ ^^.^^^ 
typical. These four bolts pass through upnght meml^ers of a ' ^3°^^ and a steel pressure 

T50 and 152 are compressed between a ,bs. per square 

plate 154. The springs 150 and 152 are compressed sufficientty ^ Y^P J^^^^ ^^^^ of the 
inch of fo«.e in the positive z direction acting ^ compress a Wm heate^ l^'J^ine film heater 156. a silicone 
sam^e block 12. This three layer fym heater st^^ e ^cor^nsed of « - ^^^^^^^^^^ ^^^^^ ^^^^ 
mbber pad 1 58 and a layer of epoxy resin foarn 1 ^eat to the sample block 1 2 under 

separately controllable zones. The purpose of the ^^-^^^f J^^^^^^^^ to lower the them,al con- 

re^^reZfa^riie^^^^ 
s£=r:dT5Btr^^^^^^^ 

te Since somi'film ^^^^^^T^J^^ZTX^^^^^^ '^^'"^^ 

The purpose of the steel plate 1 54 and ^PO'^y ™^ ' 1 55 so as to compress the film heater 

1 50 and 1 52 to the silicone rubber pad 58 and ^'^^^"^^^^^^^^ T^e epoxy resin foam should be 
to the bottom surface 116 of *e sample ')lock wrth as ^^^^^^^^ it sh^d a^^^^^^^ a gZ insulator and should 
stiff so as to not be crushed under the force of the spnngs but » ^gO is manufa,> 

have low them,a|^.^s.U^ a "on^--^^^^^^ .3y be subs«tuted for 

tured under '^^f -"^^J^^^^^^^^^^ foam layer 160. For example, a stiff honeycomb structure 

the silicone rubber layer 158 and/or the epo'^'^'" ™3 ul„--n the oressure plate 154 and the film heater 
such as is used in airplane construction could be P'«^«^''^^^" 160 should not absorb 

156wi*insulating^ye.th.— W^^^^^^^ 
substantial amounts of heat from the sample block i z wnne 

— u=n-r=^^^^ 

controlling the amount of heat applied to ije ^«^P'J^J'^^^^^^^^^^ from the power 

fi,n,heaterisdrwenusingamodmedform^pul^^^^^^^^ 

zones of the foil heater being con^Ue^^^^^^ 

Figure 10 illustrates ^^'^'"'^"^^^^^^^^ to eliminate the negative half cycle 162 

ram of the voltage wavefomi of the ^"PP'y '"^^.^^''f^e. Kecx associated 

occurs, only positive half cycles rema.n ° .^f J^^^^^^ is applied to the various zones 

peripheral electronic circuitry then ^-^"^^^J^^T^^^^^ Po-«r 'e^^' 
, of the film heater 156 by selecting a PO'*'"" "^^^^I'f.'T^^^ the dividing line 166 is moved forward 
for each zone based upon equations given below each zone^ That s. 
orbackward along the time axis tocontrd the amountofpo^^^^^ 

which are related in a special equation posrtion of the dividing 

164 represents the amount of power appl ed to ^J^^l^'^l^Jl ^ ^he film heater, and the sample 

s line 166. As the dividing line 166 is moved to '''^ "^J,'; '^J^.J^*^^^^^^^ cross-hatahed area becomes 

b.ock12getshotter.Asthedividng..ne 

smaller and less power is applied to the film heater. ™w oru 

Circuitry control the temperatore of blo^ J''^^^^^^^^ to 600 watts. In alternative 

The amount of power supplied to the film heater is > controlled using otiner schemes such 

and/0, tMnpe^t.™ ol Ijol 9a«. o, ■^^^^,S^e LlxKHmen.,, the of 
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channel in the sample block. This would provide compatibility only as to the dimensions of such microtiter plates 
fnd noV^toyesiltaneous processing of 96different 

and local symmetry in these alternative embodiments- u. u ^fk^fii^. 

W^B LbodiLnt described herein, the maximum power that can be delivered to the blod. v.a the film 
heater is 1100 watts. This limitation arises from the themial conductivity of the blockflieater '"terface 't has 
Eeer^Jc^nd experimentally that the supply of mo« than approximately 1 100 watts to the film heater 156 will 
freauently cause self-destruction of the device, 

TypiL power for heating or cooling when controlling block temperatures at or near target incubation tem- 
DGratures Is in the range of plus or minus 50 watts. ... ^ ^ 

R^enTng to F «ure 1 1 . there is shown a time versus temperature plot of a typical PCR protocol. Large down- 
ward chang^ in bTock temperature are accomplished by gating chilled liquid coolant ^^^l^l^!;'^.^2 
channels ,^ile monrtoring the sample block temperature by the temperature -^^^.^\"^'^^-J^^^ 
these rapid downward temperature changes are carried out dunng the ramp following the ^enatorahon .n<^^ 
bation 1?0 to the temperature of hybridization incubation 172. Typically, the user """f * 
defining the temperatures and times in one fashion or another so as to describe to the CPU 20 the positions 
ofrtemperatuUme plane of the checkpoints symbolfeed by the circled intersections betwe- th-arnp 
legs and the incubation legs. Generally, the incubation legs are mariced with reference numerals 170. 172 and 
174 and the ramps are nLed with reference numerals 176. 178 and 180. Generally the inoibaton intervate 
are inducted at a single temperature, but in alternative embodimente. they may be stepped or cont.n"ous^ 
^mped to dHferent terSperatures within a range of temperatures which is acceptebte for ^f^^^^'^^^ 
ticular portion of the PCR cyde involved. That is. the denaturation incubation 170 need not be earned out at 
o^e tempelre as shown i Figure 1 1. but may be carried out at any of a plurality o^^^^^^^^ttemperature^ 
within the range of temperatures acceptable for denaturation. In some embodiments, the user "^ay «P«^riV 
tength of the ramp segmente 1 76. 1 78 and 1 80. In other embodiments, the user may only specify the temper^ 
ZortemperatuL and duration of each incubation interval, and the instrument will then "^o^e the temperature 
of the sample block as rapidly as possible between incubation temperatures upon the completion of one ncu- 
bation an7the start of another. In the prefened embodiment, the user can also have temperatures and/or incu- 
bation times which are different for each cycle or which automatically increment on every cycle 

The average power of ramp cooling during a transition from a 95»C denaturation incubation to a 35 C hy^ 
ridization incubatton is more than one kilowatt typically. This results in a temperature change tje s«,^P'« 
bS of approximately 4-6'C per second when the block temperature is at the high end of the ope^tms jange. 
and approximately 2»C per second when the block temperature is at the low end of the operating range. Gen- 
eraliv it is desirabte to have as high a cooling rate as possiWe for ramp cooling. 

B«^usTso much heat is being removed from the sample block during ramp cooling, temperature gradients 
across the sampte block from one end of a ramp cooling channel to the other could occur To prevent this and 
minimize these types of temperature gradiente. the ramp cooling channels are ^-rectonalty i^^teriaced^ T^^^^^ 
TFigure 3. the dTection of coolantflow threugh ramp cooling channels 100. 102. 04 and 106 -s mto the ^ge 
as symbolized by the x's inside these ramp cooling channel holes. Ramp cooling liquid flow .n '"tertaced r^^^^ 
codSg channels 101. 103. 105. and 107 te out of the page as symbolized by the single points in the center 
SSse ramp cooling channel holes. This interlacing plus the high flow rate through the ramp cooling channels 
SmiTeTartempereture gradiente which might otherwise occur using noninteriaced flow patterns or owe 
fl~t^s b^use'the diste'nces between the hot and cold ends of the channels is made smaller A slower 
flow rate resulte in most or ail of the heat being taken frem the block in the T^rsi inch or so of travel which means 
that the input side of the block will be at a lower temperatore than the output side of tije b ock. A ^^^^o^^^ 
minimizes the temperature gradient along the channel. Interiacing means the hot end of the channels running 
Tone "rection are "sandwfched" between the cold ends of channels wherein flow is in the opposite d.rectK,n^ 
This is a smaller distance than the length of the channel. Thus, temperature gre^ente are feduoed because 
the distances heat must travel to eliminate the temperature gradient are reduced. This causes any temperatore 
gradiente that fomi because of cooling in the ramp channels to be quickly eliminated before they have tae to 
SSerentially heat some samples and not othere. Without intehacing. one side of the sampte block wo"ld be 
appreximately 1«C hotter than the other side. Interfacing resulte in dissipation of any temperature gradiente that 

result in less than approximately 1 5 seconds. r dii on mAfl<;ures 

In order to accurately estimate ttie amount heat added to or removed from the block, the CPU 20 measures 
the block temperature using temperature sensor 21 in Figure 1 and measures the coolant temperatore by way 
* tem^rature sensor 61 in Figure 46 coupled to bus 54 in Figure 1. The ambient f ^^'"Pe^^;^ '^j"^^ 
measured by way of temperature sensor 56 in Figure 1 . and the power line voltage. ^l^^ 
applied to the film heaters on bus 52. is also measured. The themial conductance from the sample block to 
ambient and from the sample block to the coolant are known to the CPU 20 as a result of measuremente made 
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during an initialization process to set controi parameters of the system. 

For good temperature uniformity of the sampie population, the block, at constant temperature, can have 
no net heat flow in or out. However, temperature gradients can occur within the sample block arising from Kwal 
flows of heat from hot spots to cold spots which have zero net heat transfer relative to the block borders. For 
instance, a slab of material which is heated at one end and cooled at the other is at a constant average tern- 
perature if the net heat flow into the block is zero. However, in tinis situation a significant temperature nonuni- 
fomiity i e a temperature gradient can be established within the slab due to the flow of heat from the hot edge 
to the cold edge. When heating and cooling of the edges of the block are stopped, the flow of heat from the 
hot edge to the cold edge eventually dissipates this temperature gradient and ttie block reaches a uniform tem- 
perature throughout which is the average between the hot temperature and cool temperature at the beginning 

of h63t flow 

If a slali of cross sectional area A in length L has a uniform themial conductivity K. and the slab is held at 
constant average temperature because heat influx from a heat source Q,n is matched by heat outflow to a heat 
sink Qout, the steady state temperature profile which results from the heat flow is: 

(1) Delta T = 

Where, 

Delta T - the temperature gradient 
L = Uie ttiermal path length 
A = the area of the thermal path 

K = the thennal conductance through the path j 
In general, within any material of uniform themial conductance, the temperature gradient will be established 
in proportion to the heat flow per unit area. Heat flow and temperature nonunifonnity are thus intimately linked. 

Practically speaking, it is not possible to control the temperature of a sample block without some heat flow 
in and out The cold bias control cooling requires some heat flow in from the strip heaters to balance the heat 
removed by the coolant flowing through the bias cooling channels to maintain the block temperature at a stable 
value The key to a uniform sample block temperature under these conditions is a geometry which has local 
balance" and "local symmetry" of heat sources and heat sinks both statically and dynamically, and which is 
arranged such that any heat flow from hot spots to cold spots occurs only over a short distance. 

Stated briefly the concept of "static local balance" means that in a block at constant temperature where 
the total heat input equals the total heat output, the heat sources and heat sinks are an^nged such that within 
a distinct local region, all heat sources are completely balanced by heat sinks in ternis of heat flows in and 
heat flows out of the block. Therefore, each local region, if isolated, would be maintained at a constant tern- 
DBrsturo 

The concept of "static local symmetry" means that, within a local region and for a constant temperature, 
the center of mass of heat sources is coincident with the center of mass of heat sinks. If this were not the case, 
within each local region, a temperature gradient across each local region can exist which can add to a tem- 
perature gradient in an adjacent local region thereby causing a gradient across the sample block which is twice 
as large as the size of a single local region because of lack of local symmetry even though local balance within 
each local region exists. The concepts of local balance and local symmetry are important to the achievement 
of a static temperature balance where the temperature of the sample block is being maintained at a constant 
levelduring. for example, an incubation interval. . »u i 

For the dynamic case where rapid temperature changes in the sample block are occurring, the thenmal 
mass or heat capacity of each local region becomes important. This is because the amount of heat that must 
flow into each local region to change Its temperature is proportional to the thermal mass of that region. 

Therefore the concept of static local balance can be expanded to the dynamic case by requinng that if a 
local region includes x percent of the total dynamic heat source and heat sink, it must also Include x percent 
of the thermal mass for "dynamic local balance" to exist. Likewise, "dynamic local symmetry" requires that the 
center of mass of heat capacity be coincident with the center of mass of dynamic heat sources and sinks. What 
this means in simple terms is that ttie thermal mass of the sample block is the metal thereof, and the machining 
of the sample block must be symmetrical and balanced such that the total mass of metal within each local zone 
is the same Further, the center of mass of the metal In each local zone should be coincident with the center 
of mass of the dynamic heat sources and sinks. Thus, the center of mass of the multi-zone heater 1 56. i.e.. its 
geometric center, and the geometric center of the bias and ramp cooling channels must coincide. From a study 
of Figures 2-9, it will be seen from the detailed discussion below that both static and dynamic local balance 
and local symmetry exist in sample block 12. .. , ^„ .. » .u 

Figure 12 illustrates two local regions side by side for the design of the sample block 1 2 according to the 
teachings of the invention. In Figure 12. the boundaries of two local regions. 200 and 202. are marked by dashed 
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lines 204, 206 and 208. Figure 12 shows tiiat each local region which is not in the guard band is comprised of: 
two columns of sample wells; a portion of the foil heater 1 56 which turns out to be 1/8th of the total area of the 
heater one ramp cooling channel such as ramp cooling channels 210 and 212; and. one bias cooling channel. 
To preserve local symmetry, each local region is centered on its ramp cooling channel and has one-half on a 
bias cooling channel at each boundary. For example, local region 200 has a center over the ramp cooling chan- 
nel 210 and bias cooling channels 214 and 216 are dissected by the local region boundaries 204 and 206. re- 
spectively. Thus the center of mass of the ramp cooling channel (the middle thereof), coincides (horizontally) 
with the center of mass of the bias cooling channels (the center of the local region) and with the center of mass 
of the film heater portion coupled to each local region. Static local balance will exist in each local region when 
the CPU 20 is driving the film heater 1 56 to input an amount of heat energy that is equal to the amount of heat 
energy that is being removed by the ramp cooling and bias cooling channels. Dynamic local balance for each 
local region exists because each local region in the center portion of the block where the 96 sample mixtures 
reside contains approximately 1/8th the total thermal mass of the entire sample block, contains 1/8th of the 
total number of ramp cooling channels and contains 1/8th of the total number of bias cooling channels. Dynamic 
local symmetry exists for each local region, because the center of mass of the metal of each local region is 
horizontally coincident with: the center of film heater portion underiy ing the local region ; the center of the ramp 
cooling channel; and, the center of mass of the two half bias cooling channels. 

By virtue of these physical properties characterized as static and dynamic local balance and local synrv 
metry, the sample block heats and cools all samples in the population much more unifomnly than prior art themnal 
cyclers. 

Referring to Figure 2. the plan view of the boundaries of the local regions are illustrated by dashed lines 
217 through 225. Inspection of Figure 2 reveals that the central region of the 96 sample wells are divided into 
six adjacent local regions bounded by boundaries 218 through 224. In addition, two guard band local regions 
are added at each edge. The edge local region (local regions are sometimes herein also called local zones) 
having the most negative x coordinate is bounded by boundary lines 217 and 218. The edge local region having 
the most positive x coordinate is bounded by boundary lines 224 and 225. Note that the edge local regions 
contain no sample well columns but do contain the groove 78 simulating a column of wells. The depth and width 
of the groove 78 is designed to remove the same metal mass as a column of wells thereby somewhat preserving 
dynamic local symmetry. The edge local zones are therefore different in themnal mass (they also have additional 
thermal mass by virtue of the external connections such as manifolds and support pins) than the six local zones 
in the central part of the sample block. This difference is accounted for by heating the edge local zones or guard 
bands with separately controllable zones of said multizone heater so that more energy may be put into the guard 
band than the central zone of the block. 

The local regions at each edge of the block approximate, but do not exactly match the thenmal properties 
of the six centrally located local regions. The edge local regions are called "guard band" regions because they 
complete a guard band which runs around the periphery of the sample block 12. The purpose of this guard 
band is to provide some thermal isolation of the central portion of the sample block containing the 96 sample 
wells from uncontrolled heat «nks and sources inherently embodied in mechanical connections to the block 
by such things as support pin Sa'^ifolds, drip collars and other devices which must be mechanically affixed 
to the sample block 12. Fore ... ^iqure 2. the edge surfaces 228 and 230 of the sample block have plastic 
manifolds attached therefa which carry coolant to and from the ramp and bias cooling passages. The guard 
band along edges 22S and 230 consists of portions of the slot 78 which are parallel to and closest to the edges 
228 and 230. Tte depth of the groove 78 is such that the bottom of the groove is as close to the perimeters of 
the bias and ramp cooling channels as is possible without actually intersecting them. The width of the groove 
78 coupled with this depth is such that the volume of metal removed by the slot 78 between points 82 and 232 
in Figure 2 approximately equals the volume of metal removed by the adjacent row of sample wells starting 
with sample well 234 and ending with sample well 83. Also, the slot 78 ail around the perimeter of the block is 
located approximately where such an additional row of wells would be if the periodic pattern of sample wells 
were extended by one row or column of wells in each direction. 

Along the edges 250 and 252 where the support connections are made to the sample block, the guard band 
local regions contain, in addition to a portion of the slot 78, the full length of several cooling channels. Referring 
to Figure 3. these include: 1/2 of a bias cooling channel (e.g.. 92) which merges with the adjacent 1/2 bias cool- 
ing channel of the adjacent local region to fomn a whole bias cooling channel; a ramp cooling channel (e.g.. 
1 00); and a whole bias cooling channel (e.g., 91 ). For the edge local region at edge 250. these cooling channels 
are 107, 198 and 99. 

The whole bias cooling channels in the guard bands are slightly displaced inward from the edge of the block. 
The reason that these whole bias cooling channels are used is because a "half cooling channel is impractical 
to build. Since the bias cooling channels require such a thick walled rubber lining, it would be difficult to keep 
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a hole through a lining of a "half" bias cooling channel reliably open. This asynnmetry in the edge local regions 
causes a small excess loss of heat to the coolant from the edge guard band local regions, but it is sufficiently 
remote from the central region of the sample block containing the sample wells that its contribution to sample 
temperature nonuniformities is small. Also, since the temperature affects of this small asymmetry are predict- 
able, the effect can be further minimized by the use of a separately controllable zone of the multi-zone heater 

system under each guard band. 

Referring to Figure 13. there are shown three separately controlled zones within the film heater layer 156 
in Figure 9. These separately controlled zones include edge heater zones which are situated under the guard 
bands at the exposed edges of the sample block 12 which are coupled to the support bracket 148. There are 
also separately controlled manifold heater zones situated under the guard bands for the edges 228 and 230 
which are attached to the coolant manifolds. Finally, there is a central heater zone that underlies the sample 
wells. The power applied to each of these zones is separately controlled by the CPU 20 and the control software. 

The film heater 156 is composed of a pattem of electrical conductors fonmed by etching a thin sheet of 
metal alloy such as Inconel™. The metal alloy selected should have high electrical resistance and good resi- 
stance to heat. The pattem of conductors so etched is bonded between thin sheets of an electrically insulating 
polymeric material such as Kapton™. Whatever material is used to insulate the electrical resistance heating 
element, the material must be resistant to high temperatures, have a high dielectric strength and good mechani- 
cal stability. 

The central zone 254 of the film heater has approximately the same dimensions as the central portion of 
the sample block inside the guard bands. Central region 254 delivers a uniform power density to the sample 
well area. 

Edge heater regions 256 and 258 are about as wide as the edge guard bands but are not quite as long. 

Manifold heater regions 260 and 262 underiie the guard bands for edges 228 and 230 in Figure 2. 

The manifold heater zone^60 and 262 are electrically connected together to fonm one separately con- 
trollable heater zone. Also, theSdge heater sections 256 and 258 are electrically coupled together to fonm a 
second separately controllable heater zone. The third separately controllable heater zone is the central section 
254. Each of these three separately controllable heater zones has separate electrical leads, and each zone is 
controlled by a separate control algorithm which may be run on separate microprocessore or a shared CPU as 
is done in the preferred embodiment. 

The edge heater zones 256 and 258 are driven to compensate for heat lost to the support brackete. This 
heat loss is proportional to the temperature difference between the sample block 12 and the ambient air sur- 
rounding it. The edge heater zones 256 and 258 also compensate for the excess loss of heat from the sample 
block to the full bias cooling channels at each edge of the block. This heat loss is proportional to the temperature 
difference between the sample block 12 and the coolant flowing through these bias cooling channels. 

The manifold heater sections 260 and 262 are also driven so as to compensate for heat lost to the plastic 
coolant manifolds 266 and 268 in Figure 1 3 which are attached to the edges of the sample block 1 2. The power 
for the manifold heater sections 260 and 262 compensates for heat loss which is proportional mainly to the 
temperature difference between the sample block and the coolant, and to a lesser degree, between the sample 
block and the ambient air. 

For practical reasons, it is not possible to match the themnal mass of the guard band local regions with the 
thermal masses of the local regions which include the sample wells overiying central heater section 254. For 
example, the plastic coolant manifolds 266 and 268 not only conduct heat away firom the guard band, but they 
also add a certain amount of thenmal mass to the guard band local regions to which they are attached. The 
result of this is that during rapid block temperature changes, the rates of rise and fall of guard band temperature 
do not exactly mateh that of the sample well local regions. This generates a dynamic temperature gradient be- 
tween the guard bands and sample wells, which if allowed to become large, could pereist for a time which is 
longer than is tolerable. This temperature gradient effect is roughly proportional to the rate of change of block 
temperature and is minimized by adding or deleting heat from each guard band local zone at a rate which is 
proportional to the rate of change of block temperature. 

The coefficiente of proportionality for the guard band zone heaters are relatively steble properties of the 
design of the system, and are determined by engineering measuremente on prototypes. The values for these 
coefficients of proportionality are given below In connection with the definitions of the terms of Equations (3) 
through (5). These equations define the amounte of power to be applied to the manifold heater zone, the edge 
heater zone and the central zone, respectively in an alternative embodiment. The equations used in the pre- 
fen-ed embodiment are given below in the description of the software (Equations (46)-(48). power distributed 
by area). 

(3) Pm = A^P + (Tblk-Tamb) + (Tblk " Tcoou) + Km3 (dtBLx/dt) 

where, 
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P = power supplied to the manifold heater zones 260 and 262. 

A = area of the manifoid heater zone ^ ^ . ^ . ^^^♦..r^ 

P = power needed to cause the block temperature to stay at or move to the desired temperature 

at any particular time in a PGR thenmal cycle protocol. 
K„ = an experimentally determined constant of proportionality to compensate for excess heat loss 

' to ambient through the manifolds, equal to 0 watts/ degree Kelvin. 

= an experimentally determined constant of proportionality to compensate for excess heat loss 

to the coolant, equal to 0.4 watts/degree Kelvin. 
Km, = an experimentally determined constant of proportionality to provide extra PO^^^^^^^^'^Pf f 

for additional thermal mass of the manifold edge guard bands caused by the attachment of the 

plastic manifolds etc.. equal to 66.6 watt-seconds/degree Kelvin. 
Tblk = temperature of the sample block 12. 

Tamb = temperature of the ambient air. 

TcooL = t*^® temperature of the coolant, 

dteuc/dt = the change in sample block temperature per unit time. 



(4) 



Pg = AeP + Kei(Tblk-Tamb) + Ke2 (Tblk - Tcoou) + Kgs (dWdt) 



where, 

PE = power to be applied to the edge heater zones 

Ac = the area of the edge heater zones . * , ^ 

2, = an experimentally determined constant of proportionality to compensate for excess heat loss to 

ambient through the manifolds, equal to 0.5 watts/degree Kelvin. 
Ke2 = an experimentally determined constant of proportionality to compensate for excess heat loss to the 

coolant, equal to 0.15 watts/degree Kelvin. 

Kp, = an experimentally determined constant of proportionality to provide extra power ~'"P«"f 
^ adlonal themial Issof the exposed edge guard t«nds caused by the ^"Jf^ 

12 to the support pins and bracket, the temperature sensor etc.. equal to 15.4 watt-sec/degree Kelvin. 

(5) Pc = Ac P 

where 

Pe = the power to be applied to the central zone 254 of the multi-zone heater. 

= the area of the central zone 254. ...... ^- 

in each of Equations (3) through (5). the power tern.. P Is a variable which f^^'^'^J^l'^l^^!^^ 
the connol algorithm mn by the CPU 20 In Figure 1 which reads the user defined setpo.nts and de terrn^n^ 
what to do next to cause the sample block temperature to stay at or become the proper temperature to .mpl^ 
ment the PCR temperature protocol defined by the time and temperature setpoints stored in memory by the 
user iTe manner in which the setpoints are read and the power density is calculated will be described in more 

HAtfliI bfilow 

The control algorithm run by CPU 20 of Figure 1 senses the temperature of the sample block via tempere- 
ture sensor 21 In Figure 1 and Figure 9 and bus 52 in Figure 1 . This temperature is differentiated to derive the 
rate SSange S temperature of the sample block 1 2. The CPU then measures the temperature of the amb«nt 
Sr vS temperahjre sensor 56 In Figure 1 and measures the temperature of the coolant via ttie temperaU^re 
insirS, the coolant «,ntrel system 24 shown in Figure 46. The CPU 20 then computes the POwer factor 
c^^spondlng to the particular segment of the PCR protocol being implemented and -"f ^ 
in accordance with Equations (3). (4) and (5) by plugging in all the measured t«";Pf ^^^^^ 
Droportionallty (which are stored in nonvolatile memory), the power factor P for that particular iteration of the 
SiX-Siram and the areas of the various heater zones (which are stored in nonvolatile memory). The powe 
SS^Is SS total power needed to move the block temperature frem its current level to the empera^ure level 
Sle^lfled by the user via a setpoint. More details on the calculations pertbmied by the CPU to control heating 
and cooling are given below In the description of the control software "PID task". 

After the required power to be applied to each of the three zones of the heater 1 56 is calculated another 
calcuSSonTs made regarding the proportion of each half cyde of input power which is to be applied to each 
Sn^S rome embodimente. In the preferred embodiment described below, the calculation mode « how many 
Slf cycles of the total number of half cycles which occur during a 200 millisecond sample Penod are to to 
applSl to each zone. This process is described below in connection with the discussion o^'S^^/Jj^ J 
Sb (hereafter referred to as Figure 47) and the "PID Task" of the contrel software. In the «' 
ment symbolized by Figure 10. the computer calculates for each zone, the position of the dividing line 166 «y 
ngS. After this cal^latlon is performed, appropriate contrel signals are generated to cause the power sup- 
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plies for the mul«-zone heater 1 56 to do the app^priate switching to cause the calculated amou 

each zone to be applied thereto. ir«r.iom«nteH usina a sinale film heater which 

.„ alternative ' ^ T^^^^^^^ with only one 

for excess heat losses in the guard band for good ^J-^^^^;: "^'^ J^^^^ ^.^.a^d sample temperatures 
stantlally lower temperature. Figure 17 "^'^^^^ ^^^^^ -^oortlonalitv given above in the definitions of 

the current calculated sample liquid temperature on the ^^^^^y^"^""^' \ ^ ^^33,,^ ^le actual tem- 

ronChrn^^Sdrnrr:^ 

like a single time ~n«ri;'"-'^«2r„;e^'rro5^^^^^^^^^ ^-^^^^ '° 

' rheirrnrjjs 

of force. This minimum force, symbolized by force vector F n Figure 15 ^ "^^^ ,^ J3 ,„ t^e 

of slight differences in external dimensions as .^^'w^^" ^^^^^^^ fit for each 

sample block they « be push^ d^^^^^^^ 

5 tube to guarantee unifomi themial conductivity. ^1°^^^"^ . , . ^^,3^^ ^jght temperature control 

corresponding sample wells ^''^^^^^^^^^ Sfo^ Faults in a tempe«tu« 

^o^rs^pX^trteT^^^^^^^^^^ 
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level offoreeF results in the temperature response shown at 282. 

The result achieved by the apparatus constructed according to the teachings of the invention is that the 
temperature of each sample mixture behaves as if the sample is being well mixed physically during fransitions 
to new temperatures. In fact, because of the convection currents caused in each sample mixture, the sample 

reaction mixture in each tube is being well mixed. . , o.- • » ,.Mh « 

The surprising result is that the termal behavior of the entire system is like an eiecncai RC circuit with a 
single time constant of 9 seconds which is about 1 .44 times the half-life of the decay of the difference between 
the block temperature and the sample temperture. A GeneAmp™ sample tube filled with 50 millileters of sample 
has a time constant of about 23 seconds, in other words, during an upward change in temperature of the sample 
block, the temperature of the reaction mixture acts like the rise in voltage on the capacitor C in a senes RC 
electrical circuit like that shown in Figure 16D in response to a step change in the voltage output of the voltage 

T^ illustrate these concepte. refer to Figure 14 which shows different temperature responses of the sample 
liquid to a step change in block temperature and to Figure 15 which shows a cross section through a sample 
well/sample tube combination. It has been found experimentaiiy that when the volume of sample liquid 276 is 
approximately 1 00 microiitere and the dimensions of the tube are such that the neniscus 278 is located below 
the top surface 280 of the sample block 12. and the force F pushing the sample tube into the sample well is at 
least 30 grams, the themiai time constant x (teu) of the system shown in Figure 15 is approximately nine sec- 
onds for a sample tube wall thickness in the conical sectton of 0.009 inches (dimension A). It has also been 
found experimentally that for these conditions, the themial time constant t varies by about 1 second for every 
0 001 inch change in wall thickness for the sample tube frustium (cone). The thin-walled sample tubes des- 
cribed herein have been found to have thermal time constante of from about 5 to about 1 4 seconds when con- 
taining from 20 to 100 microliters of sample. Thicker tube walls result in longer time constants and more lag 
between a change in sample block temperature and the resulting change in sample liquid temperature. 

Mathematically, the expression for the thermal response of the sample liquid temperature to a change in 
temperature of the sample block is: 

(6) = AT(1-e^"> 

where 

T«,mdtm = the temperature of the sample liquid ^ . 

AT = the temperature difference between the temperature of the sampte block 1 2 and the temperature 

of the sample liquid 
t = elapsed time 

T = thermal time constant of the system, or the heat capacity of sample divided by the themial con- 

ductance from sample well wall to the sample Ikjuid 
in Figure 14 the curve 282 represente this exponential temperature response to a theoretical step change 
in sample block temperature when the force F pushing down on the sample tobe is sufficiently high. The step 
change in temperature of the sample block is shown as function 284. with rapid rise in temperatore starting at 
time T, Note how the temperature of the sample liquid exponentially increases in response to the step change 
and asymptotically approaches the final sample block temperature. As mentioned briefly above, the curve 286 
represents the thermal response when the downward seating force F in Figure 1 5 is insufficient to cause a snug, 
flush fit between the cone of the sample tube and the wall 290 of the sample well. Generally, the thermal res- 
ponse of curve 286 will result if the force F is less than 30 grams. Note that although Figure 15 shows a small 
layer of air between the cone of the sample tobe and the sample well wail for clarity, th is Is exactly the opposite 
of the desired sitoation since air is a good insulator and would substantially increase the themiai time constant 

°^ ^Thitt^Hluil time constentx is analogous tothe RC time constant in aseries RC circuit where Rcorresponds 
to the thermal resistance between the wall of the sample well and the sample liquid and C is the heat capacity 
of the sample liquid. Thermal resistance is equal to the inveree of thermal conductance which is expressed in 
unite watts-seconds per degree Kelvin. . 

Because of the convection currente 292 shown in the sample liquid in Figure 1 5. everywhere in the reaction 
mixture the sample liquid is at very neariy the same temperatore. and the flow of heat between the block and 
the sample is very neariy proportional to the difference in temperature between the sample block and the sample 
reaction mbctare. The constant of proportionality is the thermal conductance between the wall of the sampte 
well in the sample block 12 and the reaction mixtore. For different sampte volumes or different tobes. i.e.. dif- 
ferent wall thicknesses or materials, the thermal time constant will be different In such a case, the user can 
as part of his specification of the PCR protocol enter the sampte volume or tobe type and the machine will auto- 
matically lookup the correct thermal time constantforuse in calculating the sample temperatore. In some embo- 
diments the user may enter the actaal time constant, and the machine will use it for sample temperatore 
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temperature calculation. 

To keep the thermal time constant as small as possible, the conical walls of the sample tubes should be 
as thin as possible. In the preferred embodiment, these conical walls are 0.009 inches thick whereas the walls 
of the cylindrical portion of the sample tube are 0.030 inches thick. The conical shape of the sample tube pro- 
vides a relatively large surface area of contact with the metal of the sample well wall in relation to the volume 

of the sample mixture. * * 

Molding of the sample tubes is done using a "cold runner- system and a four cavity mold such that four 
sample tubes are molded at each Injection. The molten plastic is Injected at the tip of the sample tube cone so 
that any remnant of plastic will project Into the cavity 291 between the tip of the sample tube and the tip of the 
sample well. This prevents any remnant from interfering with the flush fit between the tube and the well. A 
maximum limit of 0.030 inches is placed on the size of any remnant plastic. 

In various embodiments, 3 different grades of polypropylene each with different advantages can be used. 
The preferred polypropylene is PD701 from Himont because it is autodavable. However this plastic is difficult 
to mold because it has a low melt index. This plastic has a melt index of 35 and a molecular density of 9. PD701 
tends to leave flash and creates somewhat spotty quality parts but would work better if it was injected into the 
thick walled part of the mold instead of at the tip of the conical section as is currently done. Generally, it is desi- 
rable to have a high melt index for ease of molding but also a high molecular density to maintain good strength 
and to prevent crazing or cracks under the thermal stress of the autoclaving process at 260«F. Another plastic. 
PPW 1780 from American Hoescht has a melt index of 75 and a molecular density of 9 and is autodavable. 
Another plastic which may be used in some embodiments is Himont 444. This plastic is not autodavable and 
needs to be sterilized in another manner. 

In alternative embodiments, the tubes may be molded using a "hot runner" or "hot nozzle" system where 
the temperature of the molten plastic is controlled right up to the gate of the mold. Also, in some embodiments, 
multiple gates may be used. However, neither of these techniques has been experimentally proven at the time 
of filing to be better than the currently used "cold runner" system. 

The fact that the system acts thermally like a single time constant RC circuit is an important result, because 
it means that if the thermal conductance from the sample block to the sample reaction mixture is known and 
uniform, the thermal response of the sample mixtures will be known and unifonm. Since the heat capacity of 
the sample reaction mixture is known and constant, the temperature of the sample reaction mixture can be com- 
puted accurately using only the measured history of the block temperature over time. This eliminates the need 
to measure the sample temperature thereby eliminating the en-ors and mechanical difficulty of putting a probe 
with nonnegligible thermal mass into a sample well to measure the sample temperature directly thereby chang- 
ing the themnal mass of the sample in the probed well. 

The algorithm which makes this calculation models the themial behavior of the system after a single time 
constant series R-C electrical drcuit. This model uses the ratio of the heat capacity of the liquid sample divided 
by the thermal conductance from the sample block to the sample reaction mixture. The heat capacity of the 
sample reaction mixture is equal to the specific heat of the liquid times the mass of the liquid. The thermal resi- 
stance is equal to one over the thermal conductance from the sample block to the liquid reaction mixture through 
the sample tube walls. When this ratio of heat capadty divided by thermal conductance is expressed in con- 
sistent units, it has the dimension of time. For a fixed sample volume and a fixed sample composition both of 
which are the same in every sample well and a fixed thermal conductance, the ratio is also a constant for every 
sample well, and is called the thennal lime constant of the system. It is the time required for the sample tem- 
perature to come within 36.8% of the block temperature after a sudden step change In the block temperature. 

There is a mathematical theorem used In the analysis of electronic circuits that holds that it is possible to 
calculate the output response of a filter or other linear system if one knows the impulse response of the system. 
This impulse response is also known as the transfer function. In the case of a series RC circuit, the impulse 
response is an exponential function as shown in Figure ISA. The impulse stimulus resulting in the response 
of Figure ISA is as shown in Figure 16B. The mathematical theorem referred to above holds that the output 
response of such a linear system can be determined by calculating the convdution of the input signal and a 
weighting functton where the weighting function Is the impulse response of the system reversed in time. The 
convdution Is otherwise known as a running weighted average although a convdution is a concept in calculus 
with infinitely small step sizes whereas a running weighted average has discreet step sizes, i.e., multiple sanv 
pies. The impulse response of the series RC drcuit shown in Figure 16D as such that when the voltage of the 
vdtage generator V suddenly rises and falls with a spike of vdtage as shown in Figure 1 6B, the vdtage on the 
capacitor C suddenly rises to a peak at 294 in Figure ISA which is equal to the peak vdtage of the impulse 
shown in Figure 16B and then exponentially decays back to the steady state vdtage Vi . The resulting weighting 
function is the impulse response of Figure 16A tumed around in time as shown in Figure 16C at 385. 

Superimposed upon Figure 18C is a hypothetical curve 387 illustrating a typical temperature history for 
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the temperature of the sample block 12 for an approximate step change In temperature. Also shown superlnrv 
posed upon Figure 16C are the times of five temperature sample periods labelled Tt through T5. According to 
the teachings of the invention, the sample temperature is calculated by multiplying the temperature at each one 
of these limes Ti through T5 by the value of the weighting function at that particular time and then summing all 
these products and dividing by 5. The fact that the thermal system acts like a single time constant linear circuit 
is a surprising result based upon the complexities of thenmal heat transfer considerations for this complicated 
thermal system. 

In one embodiment, the calculation of the sample temperature is adjusted by a short delay to account for 
transport lag caused by different thermal path lengths to the block temperature sensor and the sample liquid. 
The calculated sample temperature is displayed for the user's information on the tenminal 16 shown in Figure 
1. 

Figure 17 shows the temperature response results for six different wells spread throughout the 96 well 
sample block for a step change in sample block temperature from a relatively lower temperature in the hybri- 
dization/extension temperature range to the relatively higher temperature of approximately 94*»C used for 
denaturation. The graph of Figure 17 shows good agreement between the predicted exponential rise in sample 
temperature if the system were perfectly analogous to the series RC circuit shown in Figure 16D, and also 
shows excellent uniformity of temperature response in that the temperatures of the six sample wells used for 
this study asymptotically settle in at temperatures very close to each other and in a denaturation temperature 
"tolerance" band which is approximately 0.5°C wide. 

In one embodiment, the ten most recent block temperature samples are used for the running weighted aver- 
age, but in other embodiments a different number of tempereature history samples may be used. The good 
agreement with theoretically predicted results stems from the feet that the thenmal convection cunrents make 
the sample liquids well mixed thereby causing the system to act in a linear fashion. 

The uniformity between sample temperatures in various sample wells spread throughout the 96 well array 
results from dynamic and static local balance and local symmetry in the sample block structure as well as all 
the other thermal design fectors detailed herein. Note however that during rapid temperature changes all the 
sample wells will have temperatures within 0.5*>C of each other only if the user has carefully loaded each sample 
well with the same mass of sample liquid. Inequality of mass in different wells does not cause unequal tenr»- 
peratures in steady state, unchanging conditions, only during rapid changes. The mass of the sample liquid in 
each well Is the dominant factor in determining the heatcapacity of each sample and. therefore, is the dominant 
fector in the thermal time constant for that particular sample well. 

Note that the ability to cause the sample liquid in all the sample wells to cycle up and down in temperature 
in unison and to stabilize at target temperatures very near each other, i. e.. in tolerance bands that are only 
0.5°C wide, also depends upon the force F in Figure 15. This force must exceed a minimum threshold force 
before the thermal time constants of all sample wells loaded with similar masses of sample liquid will have the 
same time constant. This minimum threshold force has been experimentally detemnined to be 30 grams for the 
sample tube and sample well configuration described herein. For higher levels of accuracy, the minimum 
threshold force F in Figure 15 should be established at at least 50 grams and preferably 100 grams for an 
additional margin of safety as noted above. 

The importance of thenmal uniformity in sample well temperature can be appreciated by reference to Figure 
18. This figure shows the relationship between the amount of DNA generated in a PCR cycle and the actual 
sample temperature during the denaturation interval for one instance of amplification of a certain segment of 
DNA. The slope of function 298 between temperatures 93 and 95 degrees centigrade is approximately 8% per 
degree centigrade for this particular segment of DNA and primere. Figure 18 shows the general shape of the 
curve which relates the amount of DNA generated by amplification, but the details of the shape of the curve 
vary with every different case of primers and DNA target. Temperatures for denaturation above 97 degrees 
centigrade are generally too hot and result in decreasing amplification for Increasing denaturation temperature. 
Temperatures between 95 and 97 degrees centigrade are generally just right. 

Figure 18 illustrates that any sample well containing this particular DNA target and primer combination 
which stabilizes at a denaturation temperature of approximately 93<»C is likely to have 8% less DNA generated 
over the course of a typical PCR protocol than wells denatured at 94X. Likewise, sample liquids of this mixture 
that stabilize at denaturation temperatures of 95°C are likely to have 8% more DNA generated therein than is 
generated in sample wells which stabilize at denaturation temperatures of 94**C. Because all curves of this nat- 
ure have the same general shape, it is important to have unifomnity in sample temperature. 

The sample temperatures calculated as described above are used by the control algorithm for controlling 
the heaters and flow through the ramp cooling channels and to determine how long the samples have been 
held at various target temperatures. The control algorithm uses these times for comparison with the desired 
times for each incubation period as entered by the user. When the times match, the control algorithm takes the 
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appropriate steps to heat or cool the sample block toward the target temperature defined by the user for the 
next Incubation. 

When the calculated sample temperature Is within one degree centigrade of the se^int. Le„ the incubation 
temperature programmed by the user, the control program causes a timer to start This timer may be preset to 

5 count down from a number set so as to time out the interval specified by the user for the incubation being per- 
formed. The timer starts to count down from the preset count when the calculated sample temperature is within 
one degree centigrade. When the timer reaches a zero count, a signal is activated which causes the CPU to 
take actions to implement the next segment of the PGR protocol. Any way to time the specified interval will 
sufTice for purposes of practicing the invention. 

10 Typically, the tolerance band around any particular target temperature is plus or minus 0.5**C. Once the 

target temperature is reached, the computer holds the sample block at the target temperature using the bias 
cooling channels and the film heater such that all the samples remain dose to the target temperature for the 
specified interval. 

For the themial system described herein to work well, the themnal conductance from the sample block to 
15 each sample must be known and unifonm to within a very close tolerance. Otherwise, not all samples will be 
held within the specified tolerance band of the target temperature when the timer starts and, not all the samples 
will experience the same incubation intervals at the target temperature. 

Also, for this themnal system to work well, all sample tubes must be isolated from variables in the ambient 
environment. That Is, it is undesirable for some sample tubes to be cooled by drafts while other sample tubes 
20 in different physical positions do not experience the same cooling effects. For good unifonmity it is highly desi- 
rable that the temperatures of all the samples be determined by the temperature of the sample block and by 
nothing else. 

Isolation of the tubes from the ambient, and application of the minimum threshold force F pushing down 
on the sample tubess is achieved by a heated cover over the sample tubes and sample block. 

25 Even though the sample liquid is in a sample tube pressed tightly into a temperature-control led metal block, 

tightly capped, with a meniscus well below the surface of the temperature-controlled metal block, the samples 
still lose their heat upward by convection. Significantly, when the sample is very hot (the denaturation tempera- 
ture is typically near the boiling point of the sample liquid), the sample liquid can lose a very significant amount 
of heat by refluxing of water vapor. In this process, water evaporates from the surface of the hot sample liquid 

30 and condenses on the inner walls of the cap and the cooler upper parts of the sample tube above the top surface 
of the sample block. If there is a relatively large volume of sample, condensation continues, and condensate 
builds up and runs back down the walls of the sample tube into the reaction mixture. This "refluxing" process 
carries about 2300 joules of heat per gram of water refluxed. This process can cause a drop of several degrees 
in the surface temperature of a 100 microliter reaction mixture thereby causing a large reduction of efficiency 

35 of the reactk>n. 

If the reaction mixture is small, say 20 microliters, and the sample tube has a relatively large surface area 
above the top surface of the sample block, a significant fraction of the water in the reaction mixture may evapo- 
rate. This water may then condense inside the upper part of the sample tube and remain there by surfece tension 
during the remainder of the high temperature part of the cyde. This can so concentrate the remaining reaction 

40 mbcture that the reaction is impaired or fails completely. 

In the prior art PGR thenmai cyders, this refluxing problem was dealt with by overiaying the reaction mixture 
with a layer of oil or melted wax. This immiscible layer of oil or wax floated on the aqueous reaction mixture 
and prevented rapid evaporation. However, labor was required to add the oil which raised processing costs. 
Further, the presence of oil interfered with later steps of processing and analysis and created a possibility of 

45 contemination of the sample. In fact, it is known tiiat industrial grade mineral oils have in the past conteminated 
samples by the unknown presence of contaminating factors in the oil which were unknown to the users. 

The need for an oil overiay is eliminated, and the problems of heat loss and concentration of the reaction 
mixture by evaporation and unpredictable thermal effects caused by refluxing are avoided according to the 
teachings of the invention by endosing the volume above the sample block into which the upper parte of the 

50 sample tubes project and by heating this volume from above by a heated cover sometimes hereafter also called 
tiie platen. 

Referring to Figure 19, ttiere is shown a cross sectional view of the structure which is used to enclose the 
sample tubes and apply downward force thereto so as to supply the minimum threshold force F in Figure 15. 
A heated platen 14 is coupled to a lead screw 312 so as to move up and down along the axis symbolized by 
55 arrow 314 witti rotation of the lead screw 312. The lead screw is threaded through an opening in a sliding cover 
316 and is tumed by a knob 318. The platen 314 is heated to a temperature above the boiling point of water 
by resistance heaters (not shown) controlled by computer 20. 

The sliding cover 316 slides back and forth along tiie Y axis on rails 320 and 322. The cover 316 indudes 
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vertical sides 317 and 319 and also includes vertical sides paiallel to the X-Z plane (not shown) which enclose 
the sample block 12 and sample tubes. This structure substantially prevent drafts from acting on the sample 
lubes of which tubes 324 and 326 are typical. 

Fiaure 20 is a perspective view of the sliding cover 318 and sample block 12 with the sliding cover in let- 
lacted position to allow access to the sample block. The sliding cover 316 resembles the lid of a rectangular 
box withvertical wall 328 having a portion 330 removed to altow the sliding cover 316 to slide over the sample 
block 12. The sliding cover is moved along the Y axis In Figure 20 until the cover is centered over the samje 
block 12 The user then turns the knob 318 in a direction to lower the heated platen 14 until a mark 332 on the 
knob 318 lines up with a mark 334 on an escutcheon plate 336. In some embodiments, the escutciieon plate 
336 may be permanently affixed to the top surface of the sliding cover 316. In other embodiments the escutc- 
heon 336 may be rotatable such that the index mark 334 may be placed in different positions when different 
size sample tubes are used, in other words, if taller sample tubes are used, the heated platen 14 need not be 
lowered as much to apply the minimum threshold force F in Figure 1 5. In use. the user screvre the screw 318 
to lower the platen 14 until the index marks line up. The user then knows that the minimum threshold force F 

will have been applied to each sample tul>e. ^ ■ »• 

Referring jointly to Figures 15 and 19, prior to lowering the heated platen 14 in Figure 19. the plastic rap 
338 for each sample tube sticks up about 0.5 millimeters above the level of the top of the walls of a plastic tray 
340 (Figure 19) which holds all the sample tubes in a loose 8x12 anray on 9 millimeter centers. The array of 
sample wells can hold up to 96 MicioAmp™ PCR tubes of 100 jxL capacity or 48 larger GeneAmp™ tubes of 
0 5 ml capacity. The details of this tiay will be discussed in greater detaU below. The tray 340 has a planar 
surface having an 8x12 array of holes for sample tubes. This planar surface is shown in Figures 15 and 19 as 
a horizontal line which intersects the sample tubes 324 and 326 in Figure 19. Tray 340 also has four vert^l 
walls two of which are shown at 342 and 344 in Figure 19. The top level of these vertical walls, shown at 346 
in Figure 15. establishes a rectangular box which defines a reference plane. 

As best seen in Figure 15. the caps 338 for all the sample tubes project above this reference plane 346 
by some small amount which is designed to allow the caps 338 to be softened and deformed by the heated 
Diaten 14 and -squashed- down to the level of the reference plane 346. In the preferred embodiment, the heated 
platen 14 is kept at a temperature of 105»C by the CPU 20 in Figure 1 and the bus 22 coupled to resistance 
heaters (not shown) in the platen 14. In the preferred embodiment, the knob 318 in Figure 19 and the lead screw 
312 are turned until the heated platen 14 descends to and makes contact with the tops of the caps 338. in ttie 
prefened embodiment, the caps 338 for the sample tubes are made of polypropylene . These caps soften 
shortly after they come into contact with the heated platen 14. As the caps soften, they deform, but they do not 
lose all of their elasticity. After contacting the caps, the heated platen is lowered further until it ^ste upon the 
reference plane 346. This further lowering defomis the caps 338 and causes a minimum threshold force F or 
at least 50 grams to push down on each sample tube to keep each tube well seated fimily in its sample welL 
The amount by which the caps 338 project above the reference plane 346. and the amount of defontnation and 
residual elasticity when the heated platen 14 rests upon the reference plane 346 is designed such that a mirii- 
mum threshold force F of at least 50 grams and preferably 100 grams will have been achieved for ail sample 
tubes then present after the heated platen 14 has descended to the level of the reference plane 346. 

The heated platen 14 and the four vertical walls and planar surface of the tray 340 form a heated, sealed 
compartment when the platen 1 4 is in contact with the top edge 346 of the tray. The plastic of the ti«y 340 has 
a relatively poor thermal conductivity property. It has been found experimentally that contacting the heated pla- 
ten 14 with the caps 338 and the isolation of the portion of the sample tubes 288 which project above the top 
level 280 of the sample block 1 2 by a wall of material which has relatively poor thermal conductivity has a bene- 
ficial result. With this structure, the entire upper part of the tube and cap are brought to a temperature which 
-is high enough that little or no condensation forms on the inside surfaces of the tube and cap since Uie heated 
platen is kept at a temperature above the boiling point of water. This is true even when the sample liquid 276 
in Figure 15 is heated to a temperature near its boiling point This eliminates the need for a layer of immiscible 
material such as oil or wax floating on top of the sample mbdure 276 thereby reducing the amount of labor im^ol- 
ved in a PCR reaction and eliminating one source of possible contamination of the sample. 

It has been found experimentally that in spite of the very high temperature of the heated cover and ite dose 
proximity to the sample block 12. there is litUe affect on the ability of the sample block 12 to cyde accurately 
and rapidly between high and low temperatures. ^ ^ •* 

The heated platen 14 prevente cooling of the samples by the refluxing process noted earlier because it 
keeps the temperature of the caps above the condensatton point of water thereby keeping the Insides of the 
caps dry. This also prevents the fonnatton of aerosols when the caps are removed from the tubes. 

In alternative embodimente. any means by which the minimum acceptable downward force F in Figure 15 
can be applied to each indivkJual sample tube regardless of the number of sample tubes present and which 
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Will prevent condensation and refluxing and convection cooling will suffice for purposes of practicing the Inven- 
tion, The application of this downward force F and the use of heat to prevent refluxing and undesired sample 
liquid concentration need not be both implemented by the same system as is done in the preferred embodiment. 
The sample tubes may vary by a few thousandths of an Inch in their overall height Further, the caps for 
5 the sample tubes may also vary in height by a few thousandths of an Inch. Also, each conical sample well in 
the sample block 12 may not be drilled to exactly the same depth, and each conical sample well in the sample 
block may be drilled to a slightly different diameter and angle. Thus, when a population of capped tubes is placed 
In the sample block so as to be seated in the corresponding sample well, the tops of the caps will not all neces- 
sarily be at the same height The worst case discrepancy for this height could be as much as 0.5 millimeters 

10 from the highest to the lowest tubes. 

If a perfecUy flat unheated platen 14 mounted so that It is free to find Its own position were to be pressed 
down on such an array of caps, it would first touch the three tallest tubes. As further pressure was applied and 
the tallest tubes were compressed somewhat, the platen would begin to touch some caps of lower tubes. There 
is a distinct possibility that unless the tube and cap assemblies were compliant, the tallest tubes would be dam- 
15 aged before the shortest tubes were contacted at all. Altematively. the force necessary to compress all the tall 
tubes sufficiently so as to contact the shortest tube could be too large for the device to apply. In either case, 
one or more short tubes might not be pressed down at all or might be pressed down with an insufficient amount 
offeree to guarantee that the themnal time constant for that tube was equal to the themnal time constants for 
all the other tubes. This would result In the failure to achieve the same PGR cyde for all tubes in the sample 
block since some tubes with different thenrtal time constants would not be in step with the other tubes. Heating 
the platen and softening the caps eliminates these risks by eliminating the manufacturing tolerance errors which 
lead to differing tube heights as a factor. 

In an altematlve embodiment, the entire heated platen 14 Is covered with a compliant rubber layer. A com- 
pliant rubber layer on the heated platen would solve the height tolerance problem, but would also act as a ther- 
25 mal insulation layer which would delay the flow of heat from the heated platen to the tube caps. Further, with 
long use at high temperatures, most mbber materials deteriorate or become hard. It Is therefore desirable that 
the heated platen surface be a metal and a good conductor of heat 

In another altemative embodiment, 96 indivWual springs could be mounted on the platen so that each spring 
individually presses down on a single sample tube. This is a complex and costly solution, however, and it 
30 requires that the platen be aligned over the tube array with a mechanical precision which would be difficult or 
bothersome to achieve. 

The necessary Individual compliance for each sample tube in the preferred embodiment is supplied by the 
use of plastic caps which collapse in a predictable way under the force from the platen but which, even when 
collapsed, still exert a downward force F on the sample tubes which is adequate to keep each sample tube 

35 seated firmly In its well. 

in the sample tube cap 338 shown in Figure 15. the surface 350 should be free of nicks, flash and cuts so 
that it can provide a hermetic seal with the inner walls 352 of the sample tube 288. In the preferred embodiment, 
the material for the cap fe polypropylene. A suitable material might be Valtec HH-444 or PD701 polypropylene 
manufactured by Himont as described above or PPW 1 780 by American Hoescht In the preferred embodiment, 

40 the wall thickness for the domed portion of the cap is 0.130 + .000 - 0.005 Inches. The thickness of the shoulder 
portion 356 is 0.025 inches and the width of the domed shaped portion of the cap is 0.203 Inches In the preferred 

embodiment . 

Any material and configuration for the caps which will cause the minimum threshold force F in Figure 15 
to be applied to all the sample tubes and which will allow the cap and upper portions of the sample tubes to be 

45 heated to a temperature high enough to prevent condensation and refluxing will suffice for purposes of prac- 
ticing the invention. The dome shaped cap 338 has a thin wall to aid in deformation of the cap. Because the 
heated platen Is kept at a high temperature, the wall thickness of the domed shaped cap can be thick enough 
to be easily manufactured by injection molding since the necessary compliance to account for differences in 
tube height is not necessary at room temperature. 

50 The platen can be kept at a temperature anywhere from 94°C to 1 1 0^^C according to the teachings of the 

Invention although the range from 100*>C to 110*^0 is prefenBd to prevent refluxing since the boiling point of 
water Is 100°C. In this temperature range, it has been experimentally found that the caps soften just enough 
to collapse easily by as much as 1 millimeter. Studies have shown that the elastic properties of the polyp- 
ropylene used are such that even at these temperatures, the collapse Is not entirely inelastic. That Is. even 

55 though the heated platen causes permanent deformatton of the caps, the material of the caps still retain a sig- 
nificant enough fraction of their room temperature elastic modulus that the minimum threshold force F is applied 
to each sample tube. Further, the heated platen levels all the caps that it contacts without excessive force 
regardless of how many tubes are present In the sample block because of the softening of the cap. 
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Because the cap temperature is above the boiling point of water during the entire PGR cycle, the inside 
surfaces of each cap rennain completely dry. Thus, at the end of a PGR process, if the samples are cooled to 
room temperature before being removed from the sample block, if the caps on each sample tube are opened, 
there is no possibility of creating an aerosol spray of the sample tube contents which could result in cross con- 

5 tamination. This is because there is no liquid at the cap to tube seal when the seal is broken. 

This is extremely advantageous, because tiny particles of aerosol containing amplified product DNA can 
contaminate a laboratory and get into sample tubes containing samples from other sources, e.g., other patients, 
thereby possibly causing false positive or negative diagnostic results which can be very troublesome. Users 
of the PGR amplification process are extremely concerned that no aerosols that can contaminate other samples 

10 be created. 

A system of disposable plastic items is used to convert the individual sample tubes to an 8x1 2 array which 
is compatible with microtiter plate format lab equipment but which maintains sufficient individual freedom of 
movement to compensate for differences in the various rates of thermal expansion of the system components. 
The relationship of the thenmaiiy compliant cap to the rest of this system is best seen in Figure 21 A which is a 

15 cross sectional view of the sample block, and two sample tubes with caps in place with the sample tubes being 
held in place by the combination of one embodiment of a plastic 96 well microtiter tray and a retainer. Figure 
21 B is an alternative, prefenred embodiment showing the structure and interaction of most of the various plastic 
disposable items of the system. The rectangular plastic 96 well microtiter plate tray 342 rests on the surface 
of the sample block 12. The top edge 346 of the frame 342 has a height which is approximately 0.5 millimeters 

20 shorter than the height of the caps of which cap 364 is exemplary. All of the capped tubes will project higher 
than the edge 346 of the frame 342. The frame 342 is configured such that a downward extending ridge 366 
extends into the guardband groove 78 through its entire length. The frame 342 does however have a gap (not 
shown) which conresponds to the gap in the groove 78 for the temperature sensor shown in Figure 2 in plan 
view and in Figure 7 in cross-sectional view. 

25 The reference plane 346 mentioned above is established by the top of the frame 342. How this reference 

plane interacts with the heated platen is as follows. Prior to screwing down the knob 318 in Figure 20 to line 
up the index marks 332 and 334 to start an amplification run, a calibration process will have been performed 
to locate the position of the index marie on the escutcheon platen 336 in Figure 20. This calibration is started 
by placing the frame 342 in Figure 21 in position on the sample block. The frame 342 will be empty however 

30 or any sample tubes therein will not have any caps in place. Then, the knob 31 8 is screwed down until the heated 
platen 14 is fimtly in contact with the top edge 346 of the frame 342 around its entire parameter. When the knob 
318 has been screwed down sufficiently to allow the heated platen to reast on the reference plane 346 and to 
press the frame 342 firmly against the top surface 280 of the sample block, the rotatable escutcheon 336 of 
the preferred embodiment will be rotated until the index marie 334 on the escutcheon lines up with the index 

35 marie 332 on the knob 318. Then, the knob 318 is rotated counterclockwise to raise the platen 14 and the cover 
316 in Figure 19 is slid In the negative Y direction to uncover the frame 342 and the sample block 12. Sample 
tubes with caps loaded with a sample mixture may then be placed in position In the frame 342. The heated 
cover 316 is then placed back over the sample block, and the knob 318 is turned clockwise to lower the heated 
platen 14 until the index mark 332 on the knob lines up with the index mark 334 as previously positioned. This 

40 guarantees that all tubes have been firmly seated with the minimum force F applied. The use of the index marks 
gives the user a simple, verifiable task to perform. 

If there are only a few sample tubes in place, it will take only a small amount of torque to line up the index 
marks 332 and 334. If there are many tubes, however, it will take more torque on the knob 318 to line up the 
index marks. This is because each tube is resisting the downward movement of the heated platen 14 as the 

45 caps defomn. However, the user is assured that when the index marks 332 and 334 are aligned, the heated 
platen will once again be tightly placed against the top edge 346 of the frame 342 and all tubes will have the 
minimum threshold force F applied thereto. This virtually guarantees that the themnal time constant for all the 
tubes will be substantially the same. 

In alternative embodiments, the index marks 332 and 334 may be dispensed with, and the knob 318 may 

50 simply be turned clockwise until it will not turn any more. This condition will occur when the heated platen 314 
has reached the top edge or reference plane 346 and the plastic frame 342 has stopped further downward 
movement of the heated platen 14. Obviously in this alternative embodiment, and preferably In the index marie 
embodiment described above, the plastic of the frame 342 will have a melting temperature which is sufficiently 
high to prevent defbmiation of the plastic of the frame 342 when it is in contact with the heated platen 14. In 

55 the prefenred embodiment, the plastic of the frame 342 Is celanese nylon 1503 with a wall thickness of 0.05 
inches. 

An advantage of the above described system is that sample tubes of different heights may be used simply 
by using frames 342 having different heights. The frame 342 should have a height which is approximately 0.5 
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millimeters shorter than the plane of the tips of the capped tubes when both are seated in the sample block. 
In the preferred embodiment, two different tube heights are used. The range of motion of the lead screw 312 
which drives the heated platen 14 in Figure 19 must be sufficient for all the different sizes of sample tubes to 
be used. Of course, during any particular PGR processing cycle, all tubes must be the same height 

The system described above provides uniform temperatures in the sample block, uniform thermal conduct- 
ance from block to sample, and isolation of the sample tubes from the vagaries of the ambient environment. 
Any number of sample tubes up to 96 may be anrayed in the microtiter plate format The system allows accurate 
temperature control for a very large number of samples and a visual indication of the sample temperatures for 
all samples without actually measuring the temperature of any sample. 

As the container for PGR reactions, it has been common in the prior art to use polypropylene tubes which 
were originally designed for microcentrifuges. This prior art tube had a cylindrical cross-section closed at the 
top by a snap-on cap which makes a gas-tight seal. This prior art tube had a bottom section which comprised 
the frustrum of a cone with an included angle of approximately 17 degrees. 

When such a conical sample tube is pressed down into a sample well of a sample block with a conical cavity 
with the same included angle, and when the sample mixture in the tube lies entirely within the conical volume 
and below the top surface of the sample block, the themnal conductance between the block and the liquid can 
be made adequately predictable for good unifomnity of sample temperature throughout the array. To achieve 
adequate control of the thermal conductance between the sample block and the sample mixture, the included 
angles of the conical tube and the sample well must match closely, and the conical surfaces of the tube and 
well must be smooth and held together in flush relation. Further, the minimum threshold force F must be applied 
to each sample tube to press each tube tightly Into the sample well so that it does not rise up or loosen In the 
well for any reason during thermal cycling, such as steam fonmatlon from trapped liquid in space 291 in Figure 
15. Finally, each tube must be loaded with the same amount of sample liquid. If the above listed conditions are 
met, the thermal conductance between the sample block and the sample liquid in each tube will be predomi- 
nantly determined by the conductance of the conical plastic wall 368 in Figure 15 and a boundary layer, (not 
shown) of the sample liquid at the inside surface 370 of the conical sample tube wall. 

The thermal conductance of the plastic tube walls is determined by their thickness, which can be closely 
controlled by the injection molding method of manufacture of the tubes. The sample liquid in all the sample 
tubes has virtually identical thermal properties. 

It has been found by experiment and by calculation that a molded, one-piece, 9&-well microtiter plate is 
only marginally feasible for PGR because the differences in the thermal expansion coefficients between alumi- 
num and plastic lead to dimensional changes which can destroy the unifomnity of thenmal conductance to the 
sample liquid across the array. That Is, since each well in such a one-piece plate is connected to each other 
well through the surface of the plate, the distances between the wells are detenmined at the time of initial man- 
ufacture of the plate but change with changing temperature since the plastic of the plate has a significant coef- 
ficient of thermal expansion. Also, distances between the sample wells in the metal sample block 12 are 
dependent upon the temperature of the sample block since aluminum also has a significant coefficient of ther- 
mal expansion which is different than that of plastic. To have good thenmal conductance, each sample well in 
a one-piece 96-well microtiter plate would have to fit almost perfectly In the conresponding Well in the sample 
block at all temperatures. Since the temperature of the sample block changes over a very wide range of tem- 
peratures, the distances between the sample wells in the sample block vary cyclically during the PGR cycle. 
Because the coefficients of thennal expansion for plastic and aluminum are substantially different, the distances 
of the well separation in the sample block would vary differently over changing temperatures than would the 
distances between the sample wells of a plastic, one-piece, 96-well microtiter plate. 

Thus, as an important criteria for a perfect fit between a sample tube and the corresponding sample well 
over the PGR temperature range, it is necessary that each sample tube in the 96-well array be individually free 
to move laterally and each tube must be Individually free to be pressed down vertically by whatever amount is 
necessary to make flush contact with the walls of the sample well. 

The sample tubes used in the invention are different from the prior art microcentrifoge tubes in that the 
wall thickness of the conical frustrum position of the sample tube is much thinner to allow faster heat fransfer 
to and from the sample liquid. The upper part of these tubes has a thicker wall thickness than the conical part. 
In Figure 15, the wall thickness in the cylindrical part 288 in Figure 15 is generally 0.030 inches while the wall 
thickness for the conical wall 368 is 0.009 inches. Because thin parts cool faster than thick parts in the injection 
molding process, it is important to get the mold full before the thin parts cool off. 

The material of the sample tubes must be compatible chemically with the PGR reaction. Glass is not a PGR 
compatible material, because DNA sticks to glass and will not come off which would interfere with PGR ampli- 
fication. Preferably an autodavable polypropylene is used. Three types of suitable polypropylene were iden- 
tified eariier herein. Some plastics are not compatible with the PGR process because of outgassing of materials 
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from the plastic or because DNA sticks to the plastic walls. Polypropylene Is the best known class of plastics 
at this time. 

Conventional injection molding techniques and mold manufacture techniques for the Injection mold will suf- 
fice for purposes of practicing the invention. 

5 The use of cone shaped sample tubes translates substantially all manufacturing tolerance errors to height 

errors, i.e., a variance firom tube to tube in the height of the tip of the cap to the top of the sample block when 
the sample tube is seated in the sample well. For example, an angle error for the angle of the sample tube walls 
is converted to a height error when the tube is placed in the sample block because of the mismatch between 
the tube wall angle and the sample well wall angle. Likewise, a diameter error in the dimensions of the cone 

10 would also translate into a height error since the conical part of the tube would either penetrate deeper or not 
as much as a properly dimensional tube. 

For good uniformity of thermal conductance across the array, a good fit between the sample tubes and the 
sample well must exist for all 96-wells over the full temperature range of 0 to 100**C regardless of differences 
in thermal expansion rates. Also, each of the 96 sample tubes must have walls with dimensions and wall 

15 thicknesses which are unifomn to a very high degree. Each sample tube In which sample mixture Is to be held 
should be fitted with a removable gas-tight cap that makes a gas-tight seal to prevent loss of water vapor from 
the reaction mixture when this mixture is at or near its boiling point such that the volume of the sample mixture 
does not decrease. All these factors combine to make a one-piece microtlter plate with 96 individual sample 
wells extremely difficult to manufacture in a manner so as to achieve uniform thermal conductance for all 96 

20 wells. 

Any structure which provides the necessary individual lateral and vertical degrees of freedom for each 
sample tube will suffice for purposes of practicing the Inventton. 

According to the teachings of the preferred embodiment of the invention, all the above noted requirements 
have been met by using a 4 piece disposable plastic system. This system gives each sample tube sufficient 

25 freedom of motion in all necessary directions to compensate for differing rates of thermal expansion and yet 
retains up to 96 sample tubes in a 96 well microtlter plate format for user convenience and compatibility with 
other laboratory equipment which is sized to work with the industry standard 96-well microtiter plate. The mul- 
ti-piece disposable plastic system Is very tolerant of manufacturing tolerance enrore and the differing thermal 
expansion rates over the wide temperature range encountered during PCR thermal cycling. 

30 Figures 21 A and 21 B show alternative embodiments of most of the four piece plastic system components 

in cross-section as assembled to hold a plurality of sample tubes in their sample wells with sufficient freedom 
of rTK)tion to account for differing rates of thermal expansion. Figure 45 shows all the parts of the disposable 
plastic microtiter plate emulation system in an exploded view. This figure illustrates how the parts fit together 
to form a microtlter plate with all the sample tubes loosely retained In an 8x12 microtiter plate fonmat 96 well 

35 array. Figure 22 shows a plan view of a microtiter plate frame 342 according to the teachings of the Invention 
which is partially shown in cross-section in Figures 21 A and 21 B. Figure 23 shows a bottom view plan view of 
the frame 342. Figure 24 Is an end view of the frame 342 taken from view line 24-24' in Figure 22. Figure 25 
is an end view of the frame 342 taken from view line 25-25' In Figure 22. Figure 26 is a cross section through 
ttie frame 342 at section line 26-26' in Figure 22. Figure 27 is a cross sectional view through the frame 342 

40 taken along section line 27-27' in Figure 22. Figure 28 is a side view of the frame 342 taken along view line 
28-28' in Figure 22 with a partial cut away to show in more detail the location where a retainer to be described 
below clips to the frame 342. 

Referring jolntiy to Figures 21 A, 21 B and 22 through 28, the frame 342 Is comprised of a horizontal plastic 
plate 372 in which there are formed 96 holes spaced on 9 millimeter centers in the standard microtiter plate 

45 format. There are 8 rows labeled A through H and 12 columns labeled 1 through 12. Hole 374 at row D, column 
7 Is typical of these holes. In each hole in the frame 342 there is placed a conical sample tube such as the 
sample tube 376 shown In Figure 1 5. Each sample tube is smaller In diameter than the hole in which it is placed 
by about 0.7 millimeters, so tiiat there is a loose fit In the hole. This is best seen In Figures 21 A and 21 B by 
observing the distance between the inside edge 378 of a typical hole and tiie side wall 380 of the sample tube 

50 placed therein. Reference numeral 382 in Figures 21 A and 21 B shows tfie opposite edge of the hole which is 
also spaced away from the outside wall of the cylindrical portion of the sample tube 376. 

Each sample tube has a shoulder shown at 384 in Figures 1 5. 21 A and 21 B. This shoulder is molded around 
ttie entire circumference of the cylindrical portion 288 of each sample tube. The diameter of this shoulder 384 
is large enough that it will not pass through the holes in ttie frame 342. yet not so large as to touch the shoulders 

55 of the adjacent tubes In neighboring holes. 

Once all the tubes are placed in their holes In ttie frame 342, a plastic retainer 386 (best seen in Figures 
21 A and 21 B and Figure 45) is snapped into apertures in ttie frame 342. The purpose of this retainer is to keep 
all the tubes In place such tiiat they cannot fall out or be knocked out of tiie frame 342 while not interfering with 
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their looseness of fit in the frame 342, The retainer 386 is sized and fitted to the frame 342 such that each sample 
tube has freedom to move vertically up and down to some extent before the shoulder 384 of the tube encounters 
either the retainer 386 or the frame 342. Thus, the frame and retainer, when coupled, provide a microtiter plate 
fbmiat for up to 96 sample tubes but provide sufficient horizontal and vertical freedom such that each tube is 
5 free to find its best fit at all temperatures under the influence of the minimum threshold force F in Figure 1 5. 

A more dear view of the sample tube and shoulder may be had by reference to Figures 29 and 30. Figures 
29 and 30 are an elevation sectional view and a partial upper section of the shoulder portion, respectively, of 
a typical sample tube. A plastic dome-shaped cap such as will be described in more detail below is inserted 
into the sample tube shown in Figure 29 and forms a henmetic seal with the inside wall 390 of the top at the 
10 sample tube. A ridge 392 fomied in the inside wall of the sample tube acts as a stop for the dome-shaped cap 
to prevent further penetration. Normally, the dome-shaped caps come in strips connected by web. 

Figure 31 shows three caps In elevation view connected by a web 394 and tenminated in a tab 396. The 
tab aids the user in removing an entire row of caps by a single pull. Nonmally, the web 394 rests on the top 
surface 398 of the sample tube and prevents further penetration of the cap into the sample tube. Each cap 
15 includes a ridge 400 which forms the henmetic seal between the cap and the inside wall of the sample tube. 
Figure 32 shows a top view of three caps in a typical strip of 12 connected caps. 

For a more detailed understanding of the retainer, refer to Figures 33 through 37. Figure 33 is a top view 
of the plastic retainer. Figure 34 is an elevation view of the retainer taken along view line 34-34' in Figure 33. 
Figure 35 is an end elevation view of the retainer taken along view line 35-35' in Figure 33. Figure 36 is a sec- 
20 tional view taken along section line 36-36' in Figure 33. Figure 37 is a sectional view through the retainer taken 
along section line 37-37' in Figure 33. 

Referring jointly to Figures 33-37. the retainer 386 is comprised of a single horizontal plastic plane 402 sur- 
rounded by a vertical wall 404. The plane 402 has an 8 x 12 array of 96 holes formed therein divided into 24 
groups of four holes per group. These groups are set off by ridges fonned in the plane 402 such as ridges 406 
25 and 408. Each hole, of which hole 410 Is typical, has a diameter D which is larger than the diameter Di in Fig. 
29 and smaller than the diameter D2. This allows the retainer to be slipped over the sample tubes after they 
have been placed in the frame 342 but prevents the sample tubes from falling out of the frame since the shoulder 
384 is too large to pass through the hole 410. 

The retainer snaps into the frame 342 by means of plastic tabs 414 shown in Figures 34 and 36. These 
30 plastic tabs are pushed through the slots 41 6 and 41 8 in the frame as shown in Figure 23. There are two plastic 
tabs 414. one on each long edge of the retainer. These two plastic tabs are shown as 41 4A and 41 4B in Figure 
33. 

The frame 342 of Figures 22-28. with up to 96 sample tubes placed therein and with the retainer 386 snap- 
ped into place, forms a single unit such as is shown in Figures 21 A and 21 B which can be placed in the sample 

35 block 12 for PGR processing. 

After processing, all the tubes may be removed simultaneously by lifting the frame 342 out of the sample 
block. For convenience and storage, the frame 342 with sample tubes and retainer in place can be inserted 
into another plastic component called the base. The base has the outside dimensions and footprint of a standard 
96-well microtiter plate and is shown in Figures 38 through 44. Figure 38 is a top plan view of the base 420. 

40 while Figure 39 is a bottom plan view of the base. Figure 40 is an elevation view of the base taken from view 
line 40-40' in Figure 38. Figure 41 is an end elevation view taken from view line 41-41' in Figure 38. Figure 42 
is a sectional view taken through the base along section line 42-42' in Figure 38. Figure 43 is a sectional view 
through the base taken along section line 43-43' in Figure 38. Figure 44 is a sectional view taken along section 
line 44-44' in Figure 38. 

45 The base 420 includes a flat plane 422 of plastic in which an 8 x 12 array of holes with sloped edges is 

fome6. These holes have dimensions and spacing such that when the frame 342 is seated in the base, the 
bottoms of the sample tubes flt into the conical holes in the base such that the sample tubes are held in the 
same relationship to the frame 342 as the sample tubes are held when the frame 342 is mounted on the sample 
block. Hole 424 is typical of the 96 holes fomned in the base and is shown in Figures 38, 44 and 43. The individual 

50 sample tubes, though loosely captured between the tray and retainer, become flnmly seated and immobile when 
the frame is inserted in the base. The manner in which a typical sample tube 424 flte in the base is shown in 
Figure 44. 

In other words, when the frame, sample tubes and retainer are seated in the base 420 the entire assembly 
becomes the exact functional equivalent of an industry standard 96-well microtiter plate, and can be placed in 
55 virtually any automated pipetting or sampling system for 96-well industry standard microtiter plates for further 
processing. 

After the sample tubes have been fliled with the necessary reagents and DNA sample to be amplifled. the 
sample tubes can be capped. In an alternative embodiment of the cap strip shwon in Figures 31 and 32. an 
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entire mat of 96 caps with a compliant web connecting them in an 8 x 12 anray may be used. This web. shown 
at 394 in Figure 31 must be sufficiently compliant so that the caps do not restrain the sample tubes from making 
the small motions these sample tubes must make to fit perfectly in the conical wells of the sample block at all 

T^ie a^bly of tubes, caps frames, retainerand base is brought afterfilling the tubes to the themal cyder 
There the frame, capped tubes and retainer plate are removed from the base as a unit This unit is then placed 
in the sample block 12 to make the assembly shown in Figure 21 A or 21B with the tubes loosely held in the 
conical wells in the sample block. As shown in Figure 21. the frame 342 is seated on *e top surface 280 of 
the guaidband. In the preferred embodiment, the ridge 366 extends down into the groove 78 of the guardband. 

but this is not essential. ^ ^ , 

Next, the heated cover is slid over the samples, and the heated platen is screwed down as previously des- 
cribed until it contacts the top edge 346 of the frame 342. ^ . ^ ^ J WW 
Within seconds after the heated platen 14 in Figure 1 9 touches the caps, the caps begin to sotten and yield 
under the downward pressure from the lead screw 312 in Figure 19. The user then continues to hjrn to knob 
318 until the index marks 332 and 334 in Figure 20 line up which indicates that every sample tube has been 
tightly pressed into the sample block with at least the minimum threshold force F and all air gaps between the 
heated platen 14. the sample block and the top edge 346 of the frame 342 have been tightly closed. The sample 
tubes are now in a completely closed and controlled environment, and precision cycling of temperature can 

At the end of the PCR protocol, the heated platen 14 is moved upward and away from the sample tubes, 
and the heated cover 316 is slid out of the way to expose the frame 342 and sample tubes. The frame, sample 
tubes and retainer are then removed and replaced into an empty base, and the caps can be removed. As each 
cap or string of caps is pulled off. the retainer keeps the tube from coming out of the tray. Ribs formed in the 
base (not shown in Figures 38^4) contact the retainer tabs 414A and 414B shown in Figure 33 to keep the 
retainer snapped in place such that the force exerted on the tubes by removing the caps does not dislodge the 

Obviou^y, the frame 342 may be used with fewer than 96 tobes if desired. Also, the retainer 386 can be 
removed if desired by unsnapping it. 

A user who wishes to run only a few tubes at a time and handle these tubes individually can place an empty 
frame 342 without retainer on the sample block. The user may then use the base as a "lest tube rad<- and set 
up a small number of tubes therein. These tubes can then be filled manually and capped with individual caps 
The user may then transfer the tubes individually into wells in the sample block, close the heated cover and 
screw down the heated platen 14 until the marks line up. PCR cycling may then commence. When the cycling 
IS complete, the cover 316 is removed and the sample tubes are individually placed in an available base. The 
retainer is not necessary in this type of usage. _x_«.- 

Referring to Figures 47A and 47B (hereafter Figure 47). there is shown a block diagram for the e ecfronics 
of a preferred embodiment of a control system in a dass of control systems represented by CPU blodt 10 in 
Figure 1 The purpose of the control electrontes of Figure 47 is. inter alia, to receive and store user input date 
defining the desired PCR protocol, read the various temperature sensore. calculate the sample temperaUire. 
compare the calculated sample temperatore to the desired temperature as defined by the user defined PCR 
protocol, monitor the power line voltage and control the film heater zones and the ramp cooling valves to carry 
out the desired temperatore profile of the user defined PCR protocol. 

A microprocessor (hereafter CPU) 450 executes the control program described below and given in Appen- 
dix C in souroe code fomi. in the preferred embodiment, the CPU 450 is an OKI CMOS 8085. The CPiJ dnves 
an address bus 452 by which various ones of the other drcuit elemente in Figure 47 are addressed. The CPU 
also drives a date bus 454 by which date is transmitted to various of tine other circuit elemente in Figure 47. 

The control program of Appendix C and some system oonstente are stored In EPROM 456. User entered 
date and other system constente and characteristics measured during the install process (install program 
execution described below) are stored in battery ba*ed up RAM 458. A system clod</calendar 460 suppli^ 
ttie CPU 450 with date and time infomiation for purposes of recording a history of events dunng PCR runs and 
ttie duration of power failures as described below in the description of the control software. 

An address decoder 462 receives and decodes addresses from ttie address bus 452 and activates the 

appropriate chip select lines on a chip select bus 464. ^. , »^ k., ^di i 

The user enters PCR protocol date via a keyboard 466 in response to infomiation displayed by CPU on 
display 468. The two way communication between the user and the CPU 450 is described in more detail below 
in the user interface section of the description of the control software. A keyboard interface circuit 470 converts 
user keystrokes to date which is read by ttie CPU via Uie date bus 454. . ^ ^ ^ 

Two programmable interval timers 472 and 474 each contain countere which are loaded witin counte cal- 
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culated by the CPU 450 to control the intervals during which power Is applied to the various film heater zones. 

An interrupt controller 476 sends interrupt requests to the CPU 450 every 200 milliseconds causing the 
CPU 450 to run the PID task described below in the description of the control software. This task reads the 
temperature sensors and calculates the heating or cooling power necessary to move the sample temperature 

5 from its current level to the level desired by the user for that point in time In the PCR protocol being executed. 

A UART 478 services an RS232 interface circuit 480 such that data stored in the RAM 480 may be output 
to a printer. The control software maintains a record of each PCR run which is perfomned with respect to the 
actual temperatures which existed at various times during the run for purposes of user validation that the PCR 
protocol actually executed corresponded to the PCR protocol desired by the user. In addition, user entered data 

10 defining the specific times and temperatures desired during a particular PCR protocol is also stored. All this 
data and other data as well may be read by the CPU 450 and output to a printer coupled to the RS232 port via 
the UART 478. The RS232 interface also allows an external computer to take control of the address and date 

buses for purposes of testing. 

A peripheral interface chip (hereafter PIC) 482 serves as a programmable set of 4 input/output registers. 

15 At power-up. the CPU 450 selecte the PIC 482 via the address decoder 462 and the chip select bus 464. The 
CPU then writes a date word to the PIC via date bus 454 to program the PIC 482 regarding which registers are 
to be output porte and which are to be input porte. Subsequently, the CPU 450 uses the output registers to 
store date words written therein by the CPU via the date bus 454 to control the intemal logic stete of a prog- 
rammable array logic chip (PAL) 484. 

20 The PAL 484 is a stete machine which has a plurality of input signals and a plurality of output signals. PAL's 

in general contain an array of logic which has a number of different states. Each state is defined by the array 
or vector of logic stetes at the inpute and each state results in a different array or vector of logic states on the 
outpute. The CPU 450. PIC 482. PAL 484 and several other circuits to be defined below cooperate to generate 
different stetes of the various output signals from the PAL 484. These different stetes and associated output 

25 signals are what control the operation of the electronics shown in Figure 47 as will be described below. 

A 12 bit analog-to-digitel converter (A/D) 486 converte analog voltages on lines 488 and 490 to digital sig- 
nals on date bus 454. These are read by the CPU by generating an address for the A/D converter such that a 
chip select signal on bus 464 coupled to the chip select input of the A/D converter goes active and activates 
the converter. The analog signals on lines 488 and 490 are the output lines of two multiplexers 492 and 494. 

30 Multiplexer 492 has four inpute porte, each having two signal lines. Each of these porte is coupled to one of 
the four temperature sensors in the system. The first port is coupled to the sample block temperature sensor. 
The second and third porte are coupled to the coolant and ambient temperature sensors, respectively and the 
fourth port is coupled to the heated cover temperature sensor. A typical circuit for each one of these temperature 
sensors is shown in Figure 48. A 20.000 ohm resistor 496 receives at a node 497 a regulated +1 5 volt regulated 

35 power supply 498 in Figure 47 via a bus connection line which is not shown. This +1 5 volte D.C. signal reverse 
biases a zener diode 500. The reverse bias current and the voltage drop across the zener diode are functions 
of the temperature. The voltage drop across the diode is input to the multiplexer 292 via lines 502 and 504. 
Each temperature sensor has a similar connection to the multiplexer 292. 

Multiplexer 494 also has 4 input porte but only three are connected. The first input port Is coupled to a cali- 

40 bration voltage generator 506. This voltage generator outpute two precisely controlled voltage levels to the mul- 
tiplexer inpute and is very thermally stable. That is. the reference voltage output by voltage source 506 drifts 
very little if at all with temperature. This voltage is read from time to time by the CPU 450 and compared to a 
stored constant which represente the level thisVeference voltege had at a known temperature as measured 
during execution of the instell process described below. \f the reference voltage has drifted from the level 

45 measured and stored during the install process, the CPU 450 knows that the other electronic circuitry used for 
sensing the various temperatures and line volteges has also drifted and adjuste their outpute accordingly to 
maintain very accurate control over the temperature measuring process. 

The other input to the multiplexer 494 is coupled via line 510 to an RMS-to-DC converter circuit 512. This 
circuit has an input 514 coupled to a step-down transformer 51 6 and receives an A.C. voltage at input 514 which 
50 is proportional to the then existing line voltage at A.C. power Input 518. The RMS-to-DC converter 512 rectifies 
the A.C. voltege and averages it to develop a D.C. voltege on line 510 which also is proportional to the A.C. 
input voltage on line 518. 

Four optically coupled triac drivere 530, 532. 534 and 536 receive input control signals via control bus 538 
from PAI logic 484. Each of the triac drivers 530, 532 and 534 controls power to one of the three film heater 
55 zones. These heater zones are represented by blocks 254. 260/262 and 256/258 (the same reference numerals 
used in Figure 13). The triac driver 536 controls power to the heated cover, represented by block 544 via a 
thermal cut-out switch 546. The heater zones of the film heater are protected by a block thenmal cutout switch 
548. The purpose of the thermal cutout switches is to prevent meltdown of the film heater/sample block on the 
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heated cover in case of a failure leading to the triac drivers being left on for an unsafe interval. If such an event 
happens, the thermal cut-out switches detect an overly hot condition, and shut down the triacs via signals on 
lines 552 or 554 

The main heater zone of the film heater is rated at 360 watts while the manifold and edge heater zones 
are rated at 180 watts and 170 watts respectively. The triac drivers are Motorola MAC 15A10 15 amp tnacs. 
Each heater zone is split into 2 electrically isolated sections each dissipating 1/2 the power. The 2 ha ves are 
connected in parallel for line voltages at 518 less than 150 volts RMS. For line voltages greater than this, he 
two halves are connected in series. These alternate connections are accomplished through a personality" plug 
550 

The AC power supply for the film heater zones is line 559. and the AC supply for the heated cover Is via 

' "^ A zero crossing detector 566 provides basic system timing by emitting a pulse on line 568 at each zero 
crossing of the AC power on line 51 8. The zero crossing detector is a National LM 31 1 N referenced to analog 
ground and has 25 mV of hysteresis. The zero crossing detector takes its input from transformer 516 which 
outputs A.C. signal from 0 to 5.52 volts for an A.C. In put signal of from 0 to 240 volts A.C. 

A power transformer 570 supplies A.C. power to the pump 41 that pumps coolant through the ramp and 
bias cooling channels. The refrigeration unit 40 also receives its A.C. power from the transforrner 570 via 
another portion of the personality plug 550. The transformer 550 also supplies power to three regulated power 
supplies 572. 498 and 574 and one unregulated power supply 576. 

For accuracy purposes in measuring the temperatures, the calibration voltage generator 506 uses a senes 
of very precise, thin-film. uitralow temperature drift 20K ohm resistors (not shown in Figure 47 ). 

These same uitralow drift resistors are used to set the gain of an analog amplifier 578 which amplifies the 
output voltage from the selected temperature sensor prior to conversion to a digital value. These resistors dnft 

°"'^^i ^^mperature sensors are calibrated by placing them (separated from the structures whose temperat- 
ures they measure) first in a stable, stirred-oii. temperature controlled bath at 40OC and measuring the actual 
output voltages at the inputs to the multiplexer 492. The temperature sensore are then placed in a bath at a 
temperature of 95»C and their output voltages are again measured at the same points. The output voltage of 
the calibration voltage generator 506 is also measured at the input of the multiplexer 494. For each temperature, 
the digital output difference from the A/D converter 486 between each of the temperature sensor outputs and 
the digital output that results from the voltage generated by the calibration voltage generator 506 is measured. 
The calibration constants for each temperature sensor to calibrate each for changes in temperature may then 
be calculated 

The sample block temperature sensor is then subjected to a further calibration procedure. This procedure 
involves driving the sample block to two different temperatures. At each temperature level, the actual temp^a- 
ture of the block in 1 6 different sample wells is measured using 1 6 RTD thermocouple probes accurate to within 
0 02''C An average profile forthe temperature of the block is then generated and theoutput of the A/D converter 
464 is measured with the block temperature sensor In its place in the sample block. This is done at both tem- 
perature levels. From the actual block temperature as measured by the RTD probes and the A/D output for the 
block temperature sensor, a further calibration factor can be calculated. The temperature calibration factors so 
generated are stored in battery backed up RAM 458. Once these calibration factore are determined for ttie s)^ 
tem. it is important that the system not drift appreciably from the electrical characteristics that existed at the 
time of calibration, it is important therefore that low drift circuite be selected and that uitralow dnft resistors bo 
used 

The manner in which the CPU 450 controls the sample block temperature can be best understood by refer- 
ence to the section below describing the control program. However, to illusfrate how the electronic circuitry of 
Figure 47 cooperates with the control software to canry out a PCR protocol consider the following. 

The zero crossing detector 566 has two outputs in output bus 568. One of these outputs emits a negatve 
going pulse for every positive going transition of the A.C. signal across the zero voltage reference. The other 
emits a negative pulse upon every negative-going transitton of the A.C. signal across the zero reference voltage 
level These two pulses, shown typically at 580 define one complete cyde or two half cycles. It is the pulse 
fralns on bus 568 which define the 200 millisecond sample periods. For 60 cyde/sec A.C. as found in the U.S.. 
200 milliseconds contains 24 half cycles. w « i 

A typical sample period is shown in Figure 49. Each "tidt" mark in Figure 49 represents one half cyde. 
During each 200 msec sample period, the CPU 450 is calculating the amount of heating or cooling power 
needed to maintain the sample block temperature at a user defined setpoint or incubation temperature or to 
move the blodc temperature to a new temperature depending upon where in the PCR protocol time line the 
particular sample period lies. The amount of power needed in each film heater zone Is converted into a number 
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of half cycles each heater zone Is to remain off during the next 200 msec sample period. Just before the end 
of the current sample period in which these calculations are made, the CPU 450 addresses each of the 4 timers 
in the programmable interval timer (PIT) 472. To each timer, the CPU writes data constituting a "present" count 
representing the number of half cycles the heater zone associated with that timer is to remain off in the next 

5 sample period. In Figure 49, this data is written to the timers during interval 590 just preceding the starting time 
592 of the next sample period. Assume that a rapid ramp up to the denaturation temperature of 94°C is called 
for by the user setpoint data for an Interval which includes the sample interval between times 592 and 594. 
Accordingly, the film heaters will be on for most of the period. Assume that the central zone heater is to be on 
for all but three of the half cycles during the sample period. In this case, the CPU 450 writes a three into the 

10 counter in PIT 472 associated with the central zone heater during interval 590. This write operation automati- 
cally causes the timer to issue a "shut ofT signal on the particular control line of bus 592 which controls the 
central zone heater. This "shut ofT signal causes the PAL 484 to issue a "shut off" signal on the particular one 
of the signal lines in bus 538 associated with the central zone. The triac driver 530 then shuts off at the next 
zero crossing, i.e.. at time 592. The PIT receives a pulse train of positive-going pulses on line 594 from the 

15 PAL 484. These pulses are translations of the zero-crossing pulses on 2-line bus 568 by PAL 484 into positive 
going pulses at all zero crossing pulses on 2-llne bus 568 by PAL 484 into positive going pulses at all zero 
crossings on a single line, i.e., line 594. The timer in PIT 472 associated with the central film heater zone starts 
counting down from its present count of 3 using the half cycle marking pulses on line 594 as its clock. At the 
end of the third half cyde, this timer reaches 0 and causes its output signal line on bus 592 to change states. 

20 This transition from the off to on state is shown at 596 in Figure 49. This transition is communicated to PAL 
484 and causes it to change the state of the appropriate output signal on bus 538 to switch the triac driver 530 
on at the third zero-crossing. Note that by switching the triacs on at the zero crossings as is done in the preferred 
embodiment, switching off of a high current flowing through an inductor (the film heater conductor) is avoided. 
This minimizes the generation of radio frequency Interference or other noise. Note that the technique of switch- 

25 ing a portion of each half cycle to the film heater in accordance with the calculated amount of power needed 
will also work as an alternative embodiment, but is not preferred because of the noise generated by this tech- 
nique. 

The other timers of PIT 472 and 474 work in a similar manner to manage the power applied to the other 
heater zones and to the heated cover In accordance with power calculated by the CPU. 

30 Ramp cooling is controlled by CPU 450 directly through the peripheral Interface 482. When the heat- 

ing/cooling power calculations performed during each sample period indicate that ramp cooling power is 
needed, the CPU 450 addresses the peripheral interface controller (PIC) 482. A data word is then written into 
the appropriate register to drive output line 600 high. This output line triggers a pair of monostable multivibrators 
602 and 604 and causes each to emit a single pulse, on lines 606 and 608, respectively. These pulses each 

35 have peak currents just under 1 ampere and a pulse duration of approximately 100 milliseconds. The purpose 
of these pulses is to drive the solenoid valve colls that control flow through the ramp cooling channels very 
hard to turn on ramp cooling flow quickly. The pulse on line 606 causes a driver 61 0 to ground a line 61 2 coupled 
to one side of the solenoid coil 614 of one of the solenoid operated valves. The other terminal of the coil 614 
is coupled to a power supply "rail" 616 at +24 volts DC from power supply 576. The one shot 602 controls the 

40 ramp cooling solenoid operted valve for flow in one direction, and the one shot 604 controls the solenoid oper- 
ated valve for flow in the opposite direction. 

Simultaneously, the activation of the RCOOL signal on line 600 causes a driver 618 to be activated. This 
driver grounds the line 612 through a current limiting resistor 620. The value of this current limiting resistor is 
such that the current flowing through line 622 is at least equal to the hold current necessary to keep the solenoid 

45 valve 614 open. Solenoid coils have transient characteristics that require large currents to turn on a solenoid 
operated valve but substantially less current to keep the valve open. When the 100 msec pulse on line 606 
subsides, the driver the ceases directly grounding the line 612 leaving only the ground connection through the 
resistor 620 and driver 61 8 for holding current. 

The solenoid valve 614 controls the flow of ramp cooling coolant through the sample block in only 1/2 the 

50 ramp cooling tubes, i.e., the tubes carrying the coolant in one direction through the sample block. Another sol- 
enoid operated valve 624 controls the coolant flow of coolant through the sample block in the opposite direction. 
This valve 624 is driven in exactly the same way as solenoid operated valve 614 by drivers 626 and 628, one 
shot 604 and line 608. 

The need for ramp cooling is evaluated once every sample period. When the PID task of the control software 
55 determines from measuring the block temperature and comparing it to the desired block temperature that ramp 
cooling is no longer needed, the RCOOL signal on line 600 is deactivated. This is done by the CPU 450 by 
addressing the PIC 482 and writing data to it which reverses the state of the appropriates bit in the register in 
PIC 482 which is coupled to line 600. 
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The PIT 474 also has two other timers therein which time a 20 Hz interrupt and a heating LED which gives 
a visible indication when the sample block is hot and unsafs to touch. 

The system also includes a beeper one shot 630 and a beeper 632 to warn the user when an incorrect 
keystroke has been made. 

5 The programmable interrupt controller 476 is used to detect 7 interrupts; Level 1 - test; Level 2-20 Hz; Level 

3 -Transmit Ready; Level 4 - Receive ready; Level 5 - Keyboard interrupt; level 6 - Main heater turn on; and, 
Level 7 -A.C. line zero cross. 

The peripheral interface controller 482 has four outputs (not shown) for controlling the multiplexers 492 
and 494. These signals MUX1 EN and MUX2 EN enable one or the other of the two multiplexers 492 and 494 

10 while the signals MUX 0 and MUX 1 control which channel is selected for input to the amplifier 578. These sig- 
nals are managed so that only one channel from the two multiplexers can be selected at any one time. 

An RLTRIG* signal resets a timeout one shot 632 for the heaters which disables the heaters via activation 
of the signal TIMEOUT EN* to the PAL 484 if the CPU crashes. That is, the one shot 632 has a predetermined 
interval which it will wait after each trigger before it activates the signal TIMEOUT EN* which disables all the 

15 heater zones. The CPU 450 exexutes a routine periodicaliy which addresses the PIC 482 and writes data to 
the appropriate register to cause activation of a signal on line 634 to trigger the one shot 632. If the CPU 450 
"crashes'* for any reason and does not execute this routine, the timeout one-shot 632 disables all the heater 
zones. 

The PIC 482 also has outputs COVHTR EN* and BLKHTREN* (not shown) for enabling the heated cover 
20 and the sample block heater. Both of these signals are active low and are controlled by the CPU 450. They 
are output to the PAL 484 via bus 636. 

The PIC 482 also outputs the signals BEEP and BEEPCLR* on bus 640 to control the beeper one shot 
630. 

The PIC 482 also outputs a signal MEM1 (not shown) which is used to switch pages between the high 

25 address section of EPROM 456 and the low address section of battery RAM 458. Two other signals PAGE SEL 
0 and PAGE SEL 1 (not shown) are output to select between four 16K pages in EPROM 456. 

The four temperature sensors are National LM 1 35 zener diode type sensors with a zener voltage/tempera- 
ture dependence of 10 mV/^'K. The zener diodes are driven from the regulated power supply 498 through the 
20K resistor 496. The current through the zeners varies from approximately 560 pA to 61 5 ^A over the O^C to 

30 1 00°C operating range. The zener self heating varies from 1 .68 mW to 2.1 0 mW over the same range. 

The multiplexers 492 and 494 are DG409 analog switches. The voltages on lines 488 and 490 are amplified 
by an AD625KN instrumentation amplifier with a transfer function of Vout= 3*V||m - 7.5. The A/D converter 486 
is an AD7672 with an input range from 0-5 volts. With the zener temperature sensor output from 2.73 to 3.73 
volts over the O^'C to 1 0O^'C range, the output of the amplifier 578 will be 0.69 volts to 3.69 volts, which Is com- 

35 fortably within the A/D input range. 

The key to highly accurate system perfomiance are good accuracy and low drift with changes in ambient 
temperature. Both of these goals are achieved by using a precision voltage reference source, i.e., calibration 
voltage generator 506, and continuously monitoring its output through the same chain of electronics as are used 
to monitor the outputs of the temperature sensore and the AC line voltage on line 51 0. 

40 The calibration voltage generator 506 outputs two precision voltages on lines 650 and 652. One voltage 

is 3.75 volts and the other is 3.125 volts. These voltages are obtained by dividing down a regulated supply volt- 
age using a string of ultralow drift, integrated, thin film resistore with a 0.05% matoh between resistors and a 
5 ppm/degree C temperature drift coefficient between resistors. The calibration voltage generator also gener- 
ates -5 volte for the A/D converter reference voltage and -7.5 volte for the instrumentation amplifier offset. These 

45 two voltages are communicated to the A/D 486 and the amplifier 578 by lines which are not shown. These two 
negative voltages are generated using the same thin film resistor network and OP 27 GZ op-amps (not shown). 
The gain setting resistors for the operational amplifier 578 are also the ultralow drift, thin-film, integrated, 
matched resistors. 

The control firmware, control electronics and the block design are designed such that well-to-well and ins- 
50 trument-to-instrument transportability of PCR protocols is possible. 

High throughput laboratories benefit from instrumente which are easy to use for a wide spectrum of lab 
pereonnel and which require a minimal amount of training. The software for the invention was developed to 
handle complex PCR thenmocycling protocols while remaining easy to program. In addition, it is provided with 
safeguards to assure the integrity of samples during power Interruptions, and can document the detailed evente 
55 of each run in safe memory. 

After completing power-up self-checks shown in Figures 53 and 54, to assure the operator that the system 
is operating property, the user interface of the invention offers a simple, top-level menu, inviting the user to run, 
create or edit a file, or to access a utility function. No programming skills are required, since pre-existing default 
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files can be quickly edited with customized times and temperatures, then stored in memory for later use. A fite 
protection scheme prevents unauthorized changes to any user's programs. A file normally consists of a set of 
instructions to hold a desired temperature or to thermocyde. Ctomplex programs are created by linlcing files 
together to fomi a method. A commonly used file, such as a 4«C incubation following a thermocyde. can be 
stored and then incorporated into methods created by other users. A new type of file, the AUTO file is a PGR 
cyding program which allows the user to specify which of several types of changes to control parameters will 
occur each cycle: time incrementing (auto segment extension, for yield enhancement), time decrementing, or 
temperature incrementing or decrementing. For the highest degree of control predsion and most reliable 
methods transferabyity. temperatures are setable to O.r C. and times are programmed to the nearest second. 
The invention has the ability to program a scheduled PAUSE at one or more setpoints during a run for reagent 
additions or for removal of tubes at specific cydes. 

The system of the invention has the ability to store a 500 record history file for each mn. This feature allows 
the user to review the individual steps in each cyde and to flag any spedal status or error messages relating 
to irregularities. With the optional printer, the invention provides hardcopy documentation of file and method 
parametera, run-time time/temperature data with a time/date stamp, configuration parametere. and sorted file 

directories. ^ . , ^ ^ ■ 

In order to assure reproducible thenmocyding. the computed sample temperature is displayed dunng the 
ramp and hold segments of each cyde. A temperature one degree lower than the set temperature is normally 
used to trigger the ramp-time and hold-time docks, but this can be altered by the user. Provided the proper 
time constant for the type of tube and volume is used, the sample will always approach the desired sample 
temperature with the same accuracy, regardless of whether long or short sample incubation times have been 
programmed. Usera can program slow ramps for the spedalized annealing requirements of degenerate pnmer 
pools, or very short (1 -5 sec) high-temperature denaturatlon periods for very GC rich targets. Intelligent defaults 
are preprogrammed for 2- and 3-temperature PGR cydes. 

Diagnostic tests can be accessed by any users to check the heating and cooling system status, since the 
software gives Pass/Fail reports. In addition, a system performance program perfomis a comprehensive sub- 
system evaluation and generates a summary status report. 

The control firmware is comprised of several sections which are listed below: 

- Diagnostics 

- Calibration 

- Install 

- Real time operating system 

- Nine prioritized tasks that manage the system 

- Start-up sequence 

- User interface ^ u ^.u 
The various sections of the firmware will be described with either textual description, pseudocode or both. 

Features of the firmware are: 

1. A Control system that manages the average sample block temperature to within +/- O.rc as well as 
maintaining the temperature non-unifomnity as between wells in the sample blok to within +/- 0.5°C. 

2. A temperature control system that measures and compensates for line voltage fluctuations and electronic 
temperature drift 

3 Extensive power up diagnostics that detennine if system components are woricing. 

4! Comprehensive diagnostics in the install program which qualify the heating and cooling systems to Insure 

they are working property. 

5. A logical and organized user interface, employing a menu driven system that allows instrument operaton 
with minimal dependency on the operatore manual. 

6. The ability to link up to 17 PCR protocols and store them as a method. 

7. The ability to store up to 150 PCR protocols and methods in the user interface. 

8 A history file that records up to 500 events of the previous mn as part of the sequence task. 

9 The ability to define the reaction volume and tube size type at the start of a run for maximum temperature 
accuracy and control as part of the user interface and which modifies tau (the tube time constant) in the 

PIDtask. ^ _ , 

10 Upon recovery from a power failure, the system drives the sample block to 4<»C to save any samples 
that may be loaded in the sample compartment. The analyzer also reports the duration of the power failure 
as part of the sequence task. 

1 1 . The ability to print history file contents, "run time" parameters and stored PCR protocol parametere as 
part of the print task. 

12. The ability to configure to which the apparatus will return during any idle state. 
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1 3. The ability to check that the set point temperature is reached with a reasonable amount of time. 

14. The ability to control the instrument remotely via an RS232 port. 
There are several levels of diagnostics which are described below: 

A series of power-up tests are automatically perfomied each time the instrument is turned on. They 
evaluate critical areas of the hardware without user intervention. Any test that detects a component failure will 
be mn again. If the test fails twice, an error message is displayed and the keyboard is electronically locked to 
prevent the user from continuing. 
The following areas are tested: 

Programmable Peripheral Interface device 

Battery RAM device 

Battery RAM checksum 

EPROM devices 

Programmable Interface Timer devices 
Clock / Calendar device 
Programmable Interrupt Controller device 
Analog to Digital sectk>n 
Temperature sensors 

Verify proper configuration plug ^ ^ ,^ 

A Series of service only diagnostics are available to final testers at the manufacturer's location or to field 
service engineers through a "hidden" keystroke sequence (i.e. unknown to the customer). Many of the tests 
are the same as the ones in the start up diagnostics with the exception that they can be continually executed 

up to 99 times. 

The following areas are tested: 

Programmable Peripheral Interface device 
Battery RAM device 
Battery RAM checksum 
EPROM devices 

Programmable Interface Timer devices 

aock / Calendar device 

Programmable Interrupt Controller device 

Analog to Digital section 

RS-232 section 

Display section 

Keyboard 

Beeper 

Ramp Cooling Valves 

Check for EPROM mismatch 

Fimnware version level 

Battery RAM Checksum and Initialization 

Autostart Program Flag 

Clear Calibration Flag 

Heated Cover heater and control circuitry 

Edge heater and control circuitry 

Manifold heater and control circuitry 

Central heater and control circuitry 

Sample block thennal cutoff test 

Heated cover thermal cutoff test ^ • f 

User diagnostics are also available to allow the user to perform a quick cool and heat ramp verification test 
and an extensive confirmation of the heating and cooling system. These diagnostics also allow the user to view 
the history file, which is a sequential record of events that occurred In the previous run. The records contain 
time temperature, setpoint number, cycle number, program number and status messages. 

Remote Diagnostics are available to allow control of the system from an external computer via the RS-232 
port. Control is limited to the service diagnostics and instrument calibration only. 

Calibratton to determine various parametere such as heater resistance, etc. is perfomned. Access to the 
calibration screen is limited by a "hidden" key sequence (i.e. unknown to the customer). The following par- 
ameters temperature because any changes in A/D output is due to temperature dependencies in the analog 
chain (multiplexer, analog amplifier and A/D converter). 

Calibration of the four temperature sensors (sample block, ambient, coolant and heated cover) is performed 
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for accurate temperature measurements. Prior to installation into an instrument, the ambient, coolant, and 
heated cover temperature sensors are placed in a water bath where their output is recorded (XX-X^C at YYYY 
mV). These values are then entered into the system. Since temperature accuracy in these areas is not critical, 
a one point calibration curve is used. 

5 The sample block sensor is calibrated In the instrument. An array of 15 accurate temperature probes is 

strategically placed in the sample block in the preferred embodiment. The output of the temperature probes is 
collected and averaged by a computer. The firmware commands the block to go to 40*>C. After a brief stabilizing 
period the user enters the average block temperature as read by the 1 5 probes. This procedure is repeated at 
95**C, fonming a two point calibration curve. 

10 Calibration of the AC to DC line voltage sampling circuit is performed by entering into the system the output 

of the AC to DC circuit for two given AC input voltages, forming a two point calibration curve. The output of the 
circuit is not linear over the required range (90 - 260 VAC) and therefore requires two points at each end (100 
and 120, 220 and 240 VAC), but only uses one set based on the current input voltage. 

An accurate measure of AC voltage Is necessary to deliver a precise amount of power to the sample blodc 

15 (Power = Voltage^ x Resistance). 

The Install program is a diagnostic tool that perfonms an extensive test of the cooling and heating systems. 
Install measures or calculates control cooling conductance, ramp cooling conductance at 10**C and 18°C, cool- 
ing power at 10°C and 20*»C, sample block thenmal and coolant capacity and sample block sensor lag. The 
purpose of install is three fold: 

20 1 . To uncover marginal or faulty components. 

2. To use some of the measured values as system constants stored in battery backed up RAM to optimize 

the control system for a given instrument. 

3. To measure heating and cooling system degradation overtime 

Install is executed once before the system is shipped and should also be run before use or whenever a 
25 major component Is replaced. The Install program may also be run by the user under the user diagnostics. 

The heater ping test verifies that the heaters are properiy configured for the current line voltage (i.e. in par- 
allel for 90-132 VAC and in series for 208-264 VAC). The firmware supplies a burst of power to the sample 
block and then monitors the rise in temperature over a 10 second time period. If the temperature rise is outside 
a specified ramp rate window, then the heaters are incorrectly wired for the cun-ent line voltage and the install 

30 process is terminated. 

The control cooling conductance tests measures the thermal conductance Kcc across the sample block to 
the control cooling passages. This test is performed by first driving the sample block temperature to 60^C (ramp 
valves are closed), then integrating the heater power required to maintain the block at OO^'C over a 30 second 
time period. The integrated power is divided by the sum of the difference between the block and coolant tem- 

35 perature over the interval. 

(9) Kcc = 2 Heater Power eo">c / 2 Block - Coolant Temp 
Typical values are 1.40 to 1.55 Watts/'»C. A low Kcc may indicate a clogged liner(s). A high Kcc may be 
due to a ramp valve that is not completely closed, leakage of the coolant to the outside diameter of the liner, 
or a liner that has shifted. 

40 The block thermal capacity (Blk Cp) test measures the thenmal capacity of the sample block by first con- 

trolling the block at 35*'C then applying the maximum power to the heaters for 20 seconds. The block thenmal 
capacity is equal to the integrated power divided by the difference in block temperature. To increase accuracy, 
the effect of bias cooling power is subtracted from the integrated power. 

(10) Blk Cp = ramp time * (heater - control cool pwr) / delta temp. 

45 where: 

ramp time = 20 seconds 

heater power = 500 watts 

control cool = (2 block - coolant temp) * ^CC 

delta temp = TBIock,=2o - TBIockt^o 

50 The typical value of Block Cp is 540 watt-seconds/^C ± 30. Assuming a nonmal Kcc value, an increase in 

block thermal capacity is due to an Increase in thermal loads, such as moisture in the foam backing, loss of 
insulation around the sample block, or a decrease in heater power such as a failure of one of the six heater 
zones or a failure of the electronic circuitry that drives the heater zones, or an incorrect or an incorrectly wired 
voltage configuration module. 

55 A chiller test measures the system cooling output in watts at 10«C and 18*'C. The system cooling power, 

or chiller output, at a given temperature is equal to the summation of thenmal loads at that temperature. The 
main components are: 1 . heating power required to maintain the block at a given temperature. 2. power dissi- 
pated by the pump used to circulate the coolant around the system, and 3. losses in the coolant lines to the 
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ambient. The chiller power parameter is measured by controlling the coolant temperature at either 1 0*»C or 18°C 
and integrating the power applied to the sample block to maintain a constant coolant temperature, over a 32 
second interval. The difference between the block and coolant temperature is also integrated to compute losses 

to ambient temperature. 

(11) Chiller power = S Heating power + Pump power + (Kamb^ X (bik-cool temp)) 

where I 

heating power = Sum of heating power required to maintain coolant at 10**C or 18°C over time 32 sec^ 

onds. 

Pump Power = Circulating pump, 12 watts 

Kamb = Conductance to ambient, 20 watls/"*C 

bik-cool temp = Sum of difference in block and coolant temp over time 32 seconds 

The typical value for chiller power is 230 watts ± 40 at 10°C and 370 watts ± 30 at 18<»C. Low chiller power 

may be due to an obstruction in the fan path, a defective fan. or a marginal or faulty chiller unit It may also be 

due to a miswired voltage configuration plug. 

A ramp cooling conductance (Kc) test measures the thenmal conductance at 10**C and 18*>C across the 

sample block to the ramp and control cooling passages. This test is perfonrned by first controlling the coolant 

temperature at lO^-C or 18«C, then integrating, over a 30 second time interval, the heating power applied to 

maintain the coolant at the given temperature divided by the difference of block and coolant temperature over 

the time interval. 

(12) Kc = S Heating power / X (block - coolant temperature) 
Typical values for Kc are 28 watts/°C ± 3 at lO^'C and 31 watts /** C 

± 3 at 18°C. A low Kc may be due to a closed or obstructed ramp valve, kinked coolant tubing, weak pump or 

a hard water/Prestone™ mixture. 

A sensor lag test measures the block sensor lag by first controlling the block temperature to 35*»C and then 
applying 500 watts of heater power for 2 seconds and measuring the time required for the block to rise 1°C. 
Typical values are 1 3 to 16 units, where each unit is equal to 200 ms. A slow or long sensor lag can be due to 
a poor interface between the sensor and the block, such as lack of thermal grease, a pooriy machined sensor 
cavity or a faulty sensor. 

The remaining install tests are cun-ently executed by the install program but have limited diagnostic pur- 
poses due to the fact that they are calculated values or are a function of so many variables that their results 
do not determine the source of a problem accurately. 

The install program calculates the slope of the ramp cooling conductance (Sc) between 18*»C and 10°C. It 
is a measure of the linearity of the conductance curve. It is also used to approximate the ramp cooling con- 
ductance at 0°C. Typical values are 0.40 ± 0.2. The spread In values attest to the fact that it Is just an approxh 
mation. 

(1 3) Sc = (Kc_1 8* - Kc_1 0**) / (1 8°C - 1 0«C) 
The install program also calculates the cooling conductance Kco- Kco is an approximation of the cooling 
conductance at 0°C. The value is extrapolated from the actual conductance at 10°C. Typical values are 23 
watts/^'C ± 5. The fomriula used is: 

(14) Kco = Kc_10 - (Sc • 10<>C) 
The install program also calculates coolant capacity (Cod Cp) which is an approximation of theniial 
capacity of the entire coolant stream (coolant, plumbing lines, heat exchanger, and valves). The cooling 
capacity is equal to components that pump heat into the coolant minus the components that renrrave heat from 
the coolant. The mechanics used to measure and calculate these components are complex and are described 
in detail in the source code description section. In this measurement, the coolant is allowed to stabilize at 1 0°C. 
Maximum heater power is applied to the sample block for a period of 128 seconds. 

(15) Cool Cp = Heat Sources - Coolant sources 
(16) CoolCp = Heater Power + Pump Power + Kamb * (ZTamb - STcool) 

- Block Cp • (Tblockt^ - Tblockt=i28) 

- Average Chiller Power between Tcool,=o and Tcoolt=i28 

Characters enclosed in { } indicate the variable names used in the source code. 

Heater-Ping Test Pseudocode: 

The heater ping test verifies that the heaters are property wired for the current line voltage. 
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Get the sample block and coolant to a known and stable 
int . 

Turn ON the ramp cooling valves 

Wait for the block and coolant to go below 5*'C 

Turn OFF ramp cooling valves 

Measure the cooling effect of control cooling by 
measuring the block temperature drop over a 10 second 
time interval. Wait 10 seconds for stabilization before 
taking any measurements. 

Wait 10 seconds 

tempi B block temperature 

Wait 10 seconds 

temp2 » block temperature 

{tempa} » temp 2 - tempi 

Examine the variable {linevolts} which contains the 
actual measured line voltage. Pulse the heater with 7 5 
watts for a line voltage greater then 190V or with 3 00 
watts if it less than 140V. 

if ({linevolts} > 190 Volts) then 

deliver 7 5 watts to heater 
else 

deliver 3 00 watts to heater 

Measure the temperature rise over a 10 second time 
period. The result is the averagj^ heat rate in O.Ol 
*/ second. 

tempi = block temperature 

Wait 10 seconds 

temp2 » block temperature 

{tempb} « temp 2 - tempi 
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Subtract the average heat rate {tempb} from the control 
cooling effect to calculate true heating rate 

5 

(17) heater ate « {tempb} - {tempa) 

Evaluate the heat_rate. For 220V-230V, the heat rate 
10 should be less than 0.30 •/second. For 100V-120V the 

heat rate should be greater than 0.30 •/second. 

if (linevoltage = 220V and heat_rat€ > 0.30 •/second) 

*5 then 

Error -> Heaters wired for 120 
Lock up keyboard 

2^ if (linevoltage « 120V and heat_rate < 0.30 •/second) 

then 

Error -> Heaters wired for 22 0 
Lock up keyboard 

KCCTest Pseudocode; 

This test measures the control cooling conductance also 
known as K^^. 

^cc i^ measured at a block temperature of 60*C. 
Drive block to 60 •€ 

Maintain block temperature at 60»C for 300 seconds 

Integrate the power being applied to the sample block 
heaters over a 30 second time period. Measure and 
^ integrate the power required to maintain the block 

temperature with control cooling bias. 

{^t_sum} « 0 (delta temperature sum) 

^ {main_pwr_sum} « o (main heater power sum) 

{ aux_pwr_sum } ■» o (auxiliary heater power sum) 
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for (count « 1 to 30) 
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{ 

{dt_6uai} m {dt^sutt} + (block temperature - coolant 
temperature) 

wait 1 eec 

Accumulate the paver applied to the aain and 
auxiliary heaters. The actual code resides in the 
PID control task and is therefore sumited every 

200ms* 

{mainjpvr_suio> - <»ain_pwr_suia} + {actualjpower} 
{auxjwr^sutt} « {aujcjpwr_sum} {auxl^actual> 
<aux2_actual} 

> 

Compute the conductance by dividing the power cun by the 
temperature sum. Note that the unite are 10 mW/^C. 

(18) K„ - ( {main^wr_sum} + <aux_pwr_sum> ) / {dt_sum> 
BLOCy, CP Test Psftudoffot^es 

This test measures the sample block thermal capacity. 
Drive the block to 3S»C 

Control block temperature at 3S«c for S seconds and 
record initial temperature. 

initial^temp » block temperature 

Deliver maximum power to heaters for 20 seconds %;hile 
summing the difference in block to coolant temperature as 
well as heater power. 

Deliver 500 vatts 
{dt sum} • 0 
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for (count = 1 to 20 seconds) 
{ 

{dt_sujn} « {dt^sum} + (block temperature - coolant 
temperature) 

wait 1 second 

} 

(19) delta^temp = block temperature - initial_temp 

Compute the joules in cooling power due to control 
cooling which occurs during ramp. 

(20) cool_joule « Control cooling conductance (K^^) * 
{dt_sum} 

Compute the total joules applied to the block from the 
main heater and control cooling. Divide by temp change 
over the interval to compute thermal capacity. 

(21) Block CP « ramptime * (heater power - cool_joule) 
/ delta_temp 

where: ramptime -=2 0 seconds 

heater power « 500 Watts 



35 COOL_PWR 10 



This test measures the chiller power at lO^C. 

Control the coolant temperature at lO^C and stabilize for 
120 sees. 

count « 12 0 
do while (count !» 0) 
{ 

if (coolant temperature « 10 ± 0.5®C) then 
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count = count - i 
else 

count = 120 
wait 1 second 

} 



At this point, the coolant has been at 10 *C for 120 
seconds and has stabilized. Integrate, over 32 seconds, 
the power being applied to maintain a coolant temperature 

of 10»C. 



{cool_init} = coolant temperature 

{main_pwr_sum} = o 

{aux_pvr_sum} = o 

{delta_temp_siim} « o 



for (count « 1 to 32) 
{ 

Accumulate the power applied to the main and 
auxiliary heaters. The actual code resides in the 
control task. 



{main_pwr_sum} «= {main_pwr_sum} + actual_power 
{aux_pwr_sum} = {aux_pwr_sum} + auxl_actual + 

aux2_actual 

delta_temp_sum « delta_temp_sum + (ambient temp - 

coolant temp) 

wait 1 second 

} 

Compute the number of joules of energy added to the 
coolant mass during the integration interval, -(coolant 
temp - cool^init)" is the change in coolant temp during 
the integration interval. 550 is the Cp of the coolant 
in joules, thus the product is in joules, it represents 
the extra heat added to the coolant which made it drift 
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from setpoint during the integration interval. This 
error is subtracted below from the total heat applied 
before calculating the cooling power. 

(22) cool^init = (coolant temp • cool^init) * 650J 

Add the main power sum to the aux heater sum to get 
joules dissipated in 32 seconds. Divide by 32 to get the 
average joules/ sec . 

(23) {main_pwr_sum} = ( {main_pwr_suin} + {aux_pwr_sum} - 

cool^init) / 3 2 

Compute the chiller power at 10*C by summing all the 
chiller power components. 



(24) Power^Q.p = main_power_sum + PUMP PWR + (K_AMB * 

25 delta_temp_suin) 



50 



whi 

{main_pwr_sum} = simmation of heater power over 

interval 

PUMP PWR « 12 Watts, pump that circulates 

coolant 

delta_temp_6um * summation of amb • coolant over 

interval 

K_AMB « 20 Watts/K, thermal conductance 

from cooling to ambient. 

KCIO Test Pseudocode ; 

This test measures the ramp cooling conductance at 10^ C, 

Control the coolant temperature at lO^C t 0.5 and allow 
it to stabilize for 10 seconds. 

At this pointy the coolant is at setpoint and is being 
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controlled. Integrate, over a 30 second time interval, 
the power being applied to the heaters to maintain the 
coolant at 10*C. Sum the difference betye^ the block 
and coolant temperatures. 

{main_pwr_suja} = 0 
{auxjpwr_sum} « 0 
{dt_sum} ■= 0 

for (count « 1 to 30) 
{ 

Accumulate the power applied to the main and 
auxiliary heaters. The actual code resides in the 
PID control task. 

{main_pvr_sum} «= {main_pwr_Bum} + actual_power 
{aux_pwr_sum} « {aux_pvr_sum} + auxl_actual + 

aux2_actual 

{dt sum} = {dt_sum> + (block temperature - coolant 

temp) 

wait 1 second 
} 

Compute the energy in joules delivered to the block over 
the summation period. Units are in 0. 1 watts. 

(25) {main_pwr_sum} « {mainjpwr_sum} + <aux_pwr_sum} 

Divide the power sum by block - coolant temperature sum 
to get ramp cooling conductance in 100 mW/K. 

(26) Kc_10 « {main_pwr_sum} / <dt_sum} 
COOL PWPJ i a Test Pseudocode; 
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This test measures the chiller power at 18 . 

Get the sample block and coolant to a known and stable 
point, control the coolant temperature at 18 and 
stabilize for 128 sees. 

count « 128 

do while (count 1« 0) 

{ 

if (coolant temperature -= 18*C ± 0.5) then 

count = count - 1 
else 

count = 120 
wait 1 second 

} 

At this point the coolant has been at 18**C for 12 0 
seconds and has stabilized. Integrate, over 32 seconds, 
the power being applied to maintain a coolant temperature 
of 18»C. 

{cool_init} - coolant temperature 

{main_pwr_sum} « 0 
{aux__pwr_sum} « 0 

{delta_temp_sum} = 0 

for (count « 1 to 32) 
{ 

Accumulate the power applied to the mam and 
auxiliary heaters. The actual code resides in the 
control task. 

{main_pwr_sum} « {main jwr^sum} + actualj?ower 
{aux_pwr_sum} « {aux_pwr_sum} + auxl_actual + 

aux2 actual 
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delta_teinp_su3n = delt:a_temp_6\iin + (ambient temp - 

coolant temp) 

wait 1 second 

} 

Compute the number of joules of energy added to the 
coolant mass during the integration interval. ••(coolant 
temp - cool^init)" is the change in coolant temp during 
the integration interval. 550 is the Cp of the coolant 
in joules, thus the product is in joules. It represents 
the extra heat added to the coolant which made it drift 
setpoint during the integration interval. This error is 
subtracted below from the total heat applied before 
calculating the cooling power. 

(27) cool_init = (coolant temp - cool_init) * 550 

Add main power sum to aux heater sum to get joules 
dissipated in 32 seconds. Divide by 32 to get the 

average joules/sec. 

(28) {main_pwr_sum} « ( {main_p%nr_sum} + {aux_pwr_sum} 
cool_init) / 32 

Compute the chi 1 ler power at 18 • C by summing all the 
chiller power components. 

(29) Power, g.^ « main_power_sum + PUMP PWR + (K_AMB * 
de 1 1 a_t emp^sum ) 

where : 

{main_pwr_sum} -> summation of heater power over 

interval 

PUMP PWR « 12 Watts I pump that circulates 

coolant 

delta_temp_sum « summation of amb - coolant over 
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interval 

K_AMB =20 Watts /K, Thermal 

conductance from cooling to 
ambient. 



KC_18 Te st Pseudocode; 

This test measures the ramp cooling conductance at 18 ^C. 

Control the coolant temperature at 18»C ±0-5 and allow 
it to stabilize for 10 seconds. 

At this point, the coolant is at setpoint and being 
controlled. Integrate, over a 3 0 second time interval, 
the power being applied to the heaters to maintain the 
coolant at 18 «C. Sum the difference between the bloc}c 
and coolant temperature. 

{main_pwr_sum} » 0 
{aux_pwr_sum} « 0 
{dt_sum} - 0 



for (count « i to 30) 

{ 

Accumulate the power applied to 'the main and 
3S auxiliary heaters. The actual code resides in the 

control task. 



{main_pwr_sum} « {main_pwr_sum} + actual_power 
{aux_pwr_sum} « {aux_pwr_sum} + auxl_actual + 
aux2_actual 

{dt_sum} ■ {dt_sum} + (block temperature - coolant 

temp) 

wait 1 second 

} 
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Compute the energy in joules delivered to the block over 
the summation period. Units are in O.X watts. 

(3 0) {main_pwr_s\im} « {main_pwr_Bum} + {auxjp%nr_sum} 

Divide power sum by block - coolant temperature sum to 
get ramp cooling conductance in 100 mW/K. 

(31) Kc_18 » {main_pwr_Bum} / {dt^sum} 

SENIAG T est Pseudocode: 

This test measures the sample block sensor lag. 

Drive the block to 35»C. Hold within ± 0.2*C for 20 
seconds then record temperature of block. 

{tempa} block temperature 

Deliver 500 watts of power to sample block. 



Apply 500 watts of power for the next 2 seconds and count 
the amount of iterations through the loop for the block 
temperature to increase 1*C. Each loop iteration 
executes every 200 ms, therefore actual sensor lag is 
35 equal to count * 200 ms. 



« 0 

count » 0 

do while (TRUE) 
{ 

if (sees >B 2 seconds) then 

shut heaters off 
if (block temperature - tempa > l.O^C) then 

exit while loop 
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count = count + 1 
> 

end do while 
sensor lag » count 

Coolant CP Test Pseudocode: 

This test computes the coolant capacity of the entire 
system* 

Stabilize the coolant tempera t\ire at 10 ± 0.5. 

Send message to the PID control task to ramp the coolant 
temperature from its current value (about 10 ^C) to 18 ^C. 

Wait for the coolant to cross 12 so that the coolant CP 

ramp always starts at the same temperature and has 

clearly started ramping. Note the initial ambient and 
block temperatures. 

do while (coolant temperature < 12 ^C) 
{ 

wait 1 second 
} 

{blk_delta} « block temperature 
{h2o_delta} » coolant temperature 

For the next two minutes, while the coolant temperature 
is ramping to 18*0, sum the coolant temperature and the 
difference between the ambient and coolant temperatures. 

{temp_sum} - 0 
{cool sum} B 0 
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for (count 1 to 128 seconds) 
{ 

(32) {cool^sum} = cool_temp_sun + coolant 

temperature • 

(33) {temp^sum} « ambient - coolant temperature 

wait 1 second 

count = count + 1 

} 

Calculate the change in temperatures over the tvo minute 
period. 

(34) {blk_delta} « block temperature - {blk_delta} 

(35) {h2o_delta} = coolant temperature - {h2o_delta} 

compute KChillr i*e., the rate of change of chiller power 
with coolant temperature over the coolant range of 10 
to 20*C. Note that units are in watts/lO'C. 

(36) Kchill « (Chiller Pwr % 18*C - Chiller Pwr % 10«»C) 



Compute Sc which is the slope of the ramp cooling 
conductivity versus the temperature range of 18 «C to 
io*c. The units are in watts/lO*C/iO«c. 

(37) Sc - (Kc_18 - Kc_10) / 8 

Compute Kc_Or the ramp cooling conductance extrapolated 

to 0«C. 

(38) Kc_0 « Kc_10 - (Sc * 10) 

Compute Cp^Cool, the Cp of the coolant by: 

(39) Cp_Cool « ( HEATPOWER * 12 8 + PUMP_PWR * 12 8 
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- Power e 0*»C * 128 

- BlocX_Cp * blK_delta 
+ K_AMB * teinp_6Uin 

- Kchlll * cool_teinp_suin 



h2o delta 



10 



where: 



IS 



HEATPOWER 



500 W, the heater power applied to warm 
the block, thus heating the coolant. 
It is multiplied by 128, as the heating 
interval was 128 sees. 



20 



PUMP PWR 



12 W, the power of the pump that 
circulates the coolant multiplied by 
128 seconds. 



25 



Pwr 0<»C « 



The chiller power at O'^C multiplied by 
128 seconds. 



30 



35 



Block_Cp * Thermal capacity of sample block. 

blk_delta " Change in block temp over the heating 

interval. 



K AKB 



20 Watts/K, thermal conductance from 
cooling to ambient. 



40 



temp_6um 



The sum once per second of ambient - 
coolant temperature over the interval. 
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h2o delta 



Change in coolant temperature over 
interval of heating (approximately 
6«C) . 
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Kchill 



Slope of chiller power versus coolant 



temp 
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cool sum 



The sum of coolant temp, once 
second, over the heating interval 
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when a program is running. 

The display task upxlates the display in real time. 

The printer task handles the RS-2 32 port communication 
and printing. 

The LED task is responsible for driving the heating 
LED. It is also used to control the coolant 
temperature while executing Install, 

The link task starts files that are linked together in 
a method by simulating a keystroke. 
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Block Temperature Control Program (PIP Task) 

The Proportional Integral Differential (PID) task is 
responsible for controlling the absolute sample^ block 
temperature to 0.1*>C, as well as controlling the sample 
block temperature non-uniformity (TNU, defined as the 
temperature of the hottest well minus the temperature of the 
coldest well) to less than ± 0-5»C by applying more heating 
power to the perimeter of the block to compensate for losses 
through the guard band edges. The PID task is also 
responsible for controlling the temperature of the heated 
cover to a less accurate degree • This task runs 5 times per 
second and has the highest priority. 

The amount of heating or cooling power delivered to the 
sample block is derived from the difference or "error" 
between the user specified sample temperature stored in 
memory, called the setpoint, and the current calculated 
sample temperature. This scheme follows the standard loop 
control practice. In addition to a power contribution to 
the film heaters directly proportional to the current error, 
i.e., the proportional component, (setpoint temperature 
minus sample block temperature) , the calculated power also 
incorporates an integral term that serves to close out any 
static error (Setpoint temperature - Block temperature less 
than o.5*^C). This component is called the integral 
component. To avoid integral term accumulation or "wind- 
up", contributions to the integral are restricted to a small 
band around the setpoint temperature. The proportional and 
integral component gains have been carefully selected and 
tested, as the time constants associated with the block 
sensor and sample tube severely restrict the system's phase 
margin, thus creating a potential for loop instabilities. 
The proportional term gain is P in Equation (46) below and 
the integral term gain is Ki in Equation (48) below. 
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The PID task uses a "controlled overshoot algorithm" 
where the block temperature often overshoots its final 
steady state value in order, for the sample temperature to 
arrive at its desired temperature as rapidly as possible, 
The use of the overshoot algorithm causes the block 
temperature to overshoot in a controlled manner but does not 
cause the sample temperature to overshoot. This saves power 
and is believed to be new in PGR instrumentation. 

The total power delivered to all heater of the sample 
block to achieve a desired ramp rate is given by: 

(40) Power = (CP / ramp^rate) + bias 

where : 

CP = Thermal mass of block 

bias bias or control cooling power 

ramp^rate - T^.^^ - '^irMu^i I desired ramp rate 

This power is clamped to a maximum of 500 watts 

of heating power for safety. 

With every iteration of the task (every 200ms) the 
system applies heating or ramp cooling power (if necessary) 
based on the following algorithms. 

The control system is driven by the calculated sample 
temperature. The sample temperature is defined as the 
average temperature of the liquid in a thin walled plastic 
sample tube placed in one of the wells of the sample block 
(herafter the "block") . The time constant of the system 
(sample tube and its contents) is a function of the tube 
type and volume. At the start of a run, the user enters the 
tube type and the amount of reaction volume. The system 



55 



EP 0 488 769 A2 



computes a resultant time constant (r or tau) . For the 
MicroAinp*' tube and 100 microliters of reaction volume , tau 
is approximately 9 seconds. 

(41) T^u-ne- = + Power * (200ms / CP) 

(42) T,^.^, « T.^ + (T^u-r^ - * 200ms / tau 

where : 

'^bik-new = Current block temperature 
T^^^ « Block temperature 200m6 ago 

Power « Power applied to block 

CP B Thermal mass of block 

*^i«ip-new = Current sample temperature 

= Sample temperature 2 00ms ago 
tau = Thermal Time Constant of sample 

tube, adjusted for sensor lag (approximately 1.5) 

The error signal or temperature is simply: 

(4 3) error ■= Setpoint - T 

As in any closed loop system, a corrective action 
(heating or cooling power) is applied to close out part of 
the current error. In Equation (45) below, F is the fraction 
of the error signal to be closed out in one sample period 
(200mS) « 

(44) T. ^ = T.„ + F * (SP - T,_ ) 



Where SP « the user setpoint temperature 

Due to the large lag in the system (long tube time 
constant) , the fraction F is set low. 

Combining formulas (42) and (44) yields: 
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(45) T.«.^ = T.^ + (Tbik.ne«-T.^) * -2 / tau ^ + ^ * 



Combining formulas (41) and (45) and adding a term P 
(the proportional term gain) to limit block temperature 
oscillations and improve system stability yields: 

(46) Pwr « CP * P/T * ((SP - T^) * F * tau/T + - T^^^j^) 



where 

p «= the proportional term gain and 

T « the sample period of 0.2 seconds (200 msec). 

and 

P/T « 1 in the preferred embodiment 



Equation (46) is a theoretical equation which gives the 
power (Pwr) needed to move the block temperature to some 
desired value without accounting for losses to the ambient 
through the guardbands, etc^ 

Once the power needed to drive the block is determined 
via Equation (4 6) , this power is divided up into the power 
to be delivered to each of the three heater zones by the 
areas of these zones. Then the losses to the manifolds are 
determined and a power term having a magnitude sufficient to 
compensate for these losses is added to the amount of power 
to be delivered to the manifold heater zone. Likewise, 
another power term sufficient to compensate for power lost 
to the block support pins, the block temperature sensor and 
the ambient is added to the power to be delivered to the 
eddge heater zones. These additional terms and the division 
of power by the area of the zones convert Equation (4 6) to 
Equations (3), (4) and (5) given above. 

Equation (46) is the formula used by the preferred 
embodiment of the control system to determine the required 
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heating or cooling power to the sample block. 

When the computed sample temperature is within the 
•'integral band", i.e., ± O.S^C around the target temperature 
(SP) , the gain of the propf^.-tional term is too small to 
close out the remaining error. Therefore an integral term 
is added to the proportional term to close out small errors. 
The integral term is disabled outside the integral band to 
prevent a large error signal from accumulating. The 
algorithm inside the "integral band*' is as follows: 

(47) Int_sum (new) = Int_sum (old) -f (SP - T^^) 

(48) pwr adj = Ki * Int sum (new) 



where, 

Int_sum « the sum of the sample period of 

the difference between the SP and 
"^SAMP temperature/ and 

Ki = the integral gain (512) in the 

preferred embodiment) . 



Once a heating power has been calculated, the control 
software distributes the power to the three film heater 
zones 254, 262 and 256 in Figure 13 based on area in the 
preferred embodiment. The edge heaters receive additional 
power based upon the difference between the block 
temperature and ambient temperature. Similarly, the 
manifold heaters receive additional power based upon the 
difference between the block temperature and the coolant 
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Upon System Power up or Reset 

Turn off ramp cooling 
:> Turn off all heaters 

Calculate heater resistancee 

Oo Forever • executes every 200m8 

If (block temperature > 105) then 
Turn off heaters 
Turn on ranp valves 
Display error Bessage 

Read the line voltage {linevolts) 

Read the coolant sensor and convert to temperature 
{h2otemp} 

Read the ambient sensor and convert to temperature 
{ambtemp} 

Raad the heated cover sensor and convert to temperature 
{cvrtemp} 

Read the sample block sensor and convert to temperature 
{blktemp} , This portion of the code also reads the 
temperature stable voltage reference and compares the 
voltage to a reference voltage that vas determined during 
calibration of the instrument. If there is any discrspancy, 
the electronics have drifted and the voltage readings from 
the temperature sensors are adjusted accordingly to obtain 
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accurate temperature readings. 

Compute the sample temperature {tubetenths} or the 
temperature that gets displayed by using ©low-pass digital 
filter. 

(49) tubetenths = TT„., + (TB„ - TT^-i) * ^/tau 

where TT^.-, « last sample temp {tubetenths} 

TB « current block sensor temp (blktenths} 

n 

T - sample interval in seconds « 2 00ms 

tau » tau tube {cf_tau} - tau sensor 

{cf_lag} 

Equation (49) represents the first terms of a Taylor 
series expansion of the exponential that defines the 
calculated sample temperature given as Equation (6) above. 

Compute the temperature of the foam backing underneath the 
sample block, {phantenths} known as the phantom mass. The 
temperature of the phantom mass is used to adjust the 
power delivered to the block to account for heat flow in 
and out of the phantom mass. The temperature is computed 
by using a low pass digital filter implemented in 
software . 

(50) phantenths « TT^.-, + (TB„ - TT„.,) * T/tau 

where TT„., « Last phantom mass temp 

{phantenths} 

TB = Current block sensor temp {blktenths} 
T » Sample interval in seconds « 2 00ms 

-tau « Tau of foam block «= 30 eecs. 

compute the sample temperature error (the difference 
between the sample temperature and the setpoint 
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temperature) { abs_tube_er r } . 

Determine ramp direction {fast_ramp} « UP_RAMP or DN_RAMP 

If (sample temperature is within ERR of setpoint (SP)) 
then 

PID not in fast transition mode. {fast_ramp} « OFF 
where ERR = the temperature width of the "integral 

band" , i . e ♦ , the error band 
surrounding the target or setpoint 
temperature. 

Calculate current control cooling power {cool_ctrl} to 
determine how much heat is being lost to the bias cooling 
channels. 

Calculate current ramp cooling power {cool_ramp> 

Calculate {cool_brkpt} . {cool_br)cpt} is a cooling 

power that is used to 
determine when to make a 
transition from ramp to 
control cooling on downward 
ramps. It is a function of 
block and coolant 
temperature . 

The control cooling power {cool_ctrl} and the ramp cooling 
power {cooler amp} are all factors which the CPU must know to 
control downward temperature ramps, i.e., to calculate how 
long to keep the ramp cooling solenoid operated valves open. 
The control cooling power is equal to a constant plus the 
temperature of the coolant times the thermal conductance from 
the block to the bias cooling channels. Likewise, the ramp 
cooling power is equal to the difference between the block 
temperature and the coolant temperature times the thermal 
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conductance froin the block to the ramp cooling channels* 
The cooling breakpoint is equal to a constant 

tines the difference in temperature between the 
block and the coolant. 

Calculate a heating or cooling power {int_pwr> needed 
to move the block temperature from its current temparature 
to the desired setpont (SP) temperature • 

(51) <int_pwr} - KP * CP * [(SP - T^) * {cf_kd} + 
Ts • T,,,] 

where : 

KP « Proportional gain » P/T in Equation 

(4€) « approximately one in the 
preferred embodiment 

CP - Thermal mass of block 

SP • Temperature setpolnt 

^SMP " Sample temperature 

Tgj^, ■ Block temperature 

cf_kd - Tau * / Delta_t where tau is the same 
tau as used in Equation (49) and is a constant 

and Delta_t is the 200 msec sample period. 

If (sample temperature is within {cf_iband} of 
setpoint) then 

integrate sample error {i_Bum> 

else 

(52) clear (i_sum « 0), 

Calculate the integral term power. 

(53) integral term - {i_sum> • constant {cf_term>. 

Add the integral term to the power. 

(54) {int_pwr} - (intjvr} ♦ integral term 

Adjust power to compensate for heating load due to the 
effects of the phantom mass (foam backing) by first 
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finding the phantom mass power then adding it to power 
{int_pwr} . 

Calculate phantom mass power {phantj)wr} by: 
(55) phant_pwr ■= C * (blktenths - phantenths) / 10 

where: C « thermal mass of foam backing (1.0 W/K) 

Adjust heater power 

{int_pwr} « {int^pwr} + {phantjpwr} 

Compute power needed in manifold heaters {auxl_power} 
which will compensate for loss from the sample block into 
the manifold edges that have coolant flowing through it. 
Note that if the system is in a downward ramp , 
{auxl_power} = 0. The manifold zone power required is 
described below: 

(57) {auxl_power} - I'^uu " '^f^^ ^ ^'^bik ' "^cool) * 

K5*(dT/dt) 

where: 

Ki « Coefficient {cf_lcoeff} 

K2 - Coefficient {cf_2coeff} 

K5 » Coefficient {cf_5coeff} 

dT/dt » Ramp rate 

T^^^ « Block temperature 

T * Ambient temperature 



Tgpo^ • Coolant temperature 



Compute power needed in edge heaters (aux2_pQwer} which 
will compensate for losses from the edges of the sample 
block to ambient. Note that if we are in a downward ramp 
{aux2_power} - 0. The edge zone power required is 
described below: 
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(58) {aux2 power} = K3* - T ^ K4*fT - T ) 

K6* (dT/dt) 

where: 

K3 = Coefficient {cf_3coeff} 

K4 e Coefficient {cf_4coeff} 

K6 « coefficient {cf_6coeff} 

dT/dt « Ramp rate 
T,Lj e Block temperature 

T^p ■= Ambient temperature 

'^cooL " Coolant temperature 



Delete contribution of manifold {auxl_power} and edge 
heater power {aux2_power} to obtain total power that must 
be supplied by main heaters and coolers. 

(59) {int_pwr} = {int _power} - {auxlj)ower} - 

{aux2_j>ower } 

Decide if the ramp cooling should be applied. Note that 
{cool_brkpt} is used as a breakpoint from ramp cooling to 
control cooling. 

If (int_pwr < cool_brkpt and performing downward ramp) 
to decide whether block temperature is so much higher than 
the setpoint temperature that ramp cooling is needed then 
Turn ON ramp valves 

else 

Turn OFF ramp valves and depend upon bias cooling 

At this point, {int_pwr} contains the total heater power and 
{auxlj>ower} and {aux2_power} contain the loss from the 
block out to the edges. The power supplied to the auxiliary 
heaters is composed of two components: aux__power and 
int_power. The power is distributed {int_pwr} to the main 
and auxiliary heaters based on area, 
total pwr «= int pwr 
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int^wr 
auxl jower 
aux2 power 



total^^pwr ♦ 66% 

total_pwr * 20% + auxl_power 

total_pwr * 14% + aux2 power 



Compute the number of half cycles for the triac to conduct 
for each end zone and each iteration of the control loop to 
send the appropriate amount of power to the heaters. This 
loop executes once every 1/5 second, therefore ^ere are 
120/5 = 24 half cycles at 60Hz or 100/5 • 20 at 50Hz. The 
number of half cycles is a function of requested power 
{int_pwr}, the current line voltage {linevolts} and the 
heater resistance. Since the exact power needed may not be 
delivered each loop, a remainder is calculated {delta_power} 
to keep track of what to include from the last loop. 

(60) int_pwr « int_pwr + delta_power 

Calculate the number of 1/2 cycles to keep the triac on- 
Index is equal to the number of cycles to keep the triac on. 

(61) index « power * main heater ohms * (20 or 24] / 
linevolts squared where Equation (61) is performed once for 
each heater zone and where ••power" « int_pwr for the main 
heater zone, auxl_pvr for the manifold heater zone and 
aux2_pwr for the edge heater zone. 

Calculate the amount of actual power delivered. 

(62) actual_power » linevolts squared * index / main 

heater resistance 

Calculate the remainder to be added next time. 

(63) delta_power = int_pwr - actual_power 
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Calculate the number of 1/2 cycles for the edge and manifold 
heaters using the same technique described for the main 
heaters by substituting {auxl^pvr} and {aux2j>wr} into 
Equation (60) * 

Load the calculated counts into the counters that control 
the main, manifold and edge triacs. 

Look at heated cover sensor. If heated cover is less than 
lOO^C, then load heated cover counter to supply 50 watts of 
power. 

Look at sample temperature. If it is greater than 50 
turn on HOT LED to warn user not to touch block - 

20 

END OF FOREVER LOOP 

25 



30 
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50 
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ycyhoard Task 

The purpose of the keyboard task is to wait for the user 
to press a key on the keypad, compare the key to a list of 
valid keystrokes for the current state, execute the command 
function associated with the valid key and change to a new 
state, invalid keystrokes are indicated with a beep and 
then ignored. This task is the heart of the state driven 
user interface. It is "state driven" because the action 
taken depends on the current state of the user interface. 

yeyboard Task Pseudocode: 
Initialize keyboard task variables. 
Turn off the cursor. 
If (install flag not set) then 

Run the install program. 
Send a message to pid task to turn on the heated cover. 
If (the power failed while the user was running a program) 
then 

compute and display the number of minutes the power was 
off for. 

Write a power failure status record to the history file. 
Send a message to the sequence task to start a 4«C soak. 
Give the user the option of reviewing the history file. 
If (the user request to review the history file) then 
Go to the history file display. 
Display the top level screen. 



Do Forever 

Send a message to the system that this task is waiting for 

a hardware interrupt from the keypad. 

GO to sleep until this interrupt is received. 

When awakened, read and decode the key from the keypad. 

Get a list of the valid keys for the current state. 

Compare the key to the list of valid keys. 

If (the key is valid for this state) then 

Get the "action" and next state information for this 
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key. 

Execute the "action** (a conmand function) for this 

state* 

Go to the next state* 

Else 

Beep the beeper for an invalid key. 
End of Forever Loop 

Timer Ta g^ Qverviev 

The purpose of the timer task is to wake up the sequence 
and the real time display task every half a second. The 
timer task asks the system (CRETIN) to wake it up whenever 
the half second hardware interrupt that is generated by the 
clock/calendar device is received. The timer task then in 
turn sends 2 wake up messages to the sequence task and the 
real time display task respectively. This intermediate task 
is necessary since CRETIN will only service one task per 
interrupt and thus only the higher priority task (the 
sequence task) would execute - 

yimer T f«y pseudocode: 
Do Forever 

send a message to the system that this task is waiting for 
a hardware interrupt from the clock/calendar device. 
Go to sleep until this interrupt is received. 
When awakened, send a message to the sequence and to the 
real time display task. 
End Forever Loop 
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ptacTuence Task O verview 

The purpose of the sequence task is to execute the 
contents of a user defined program. It sequentially steps 
through each setpoint in a cycle, consisting of a ramp and 
a hold segment, and sends out setpoint temperature messages 
to the pid task which in turn controls the temperature of 
the sample block. At the end of each segment, it sends a 
message to the real time display task to switch the display 
and a message to the printer task to print the segment's 
runtime information. The user can pause a running program 
by pressing the PAUSE key on the keypad then resume the 
program by pressing the START key. The user can prematurely 
abort a program by pressing the STOP key. This task 
executes every half a second when it is awakened by the 
timer task. 

Seauencp Task P seudocode: 
Do Forever 

initialize sequence task variables. 
Wait for a message from the keyboard task that the user has 
pressed the START key or selected START from the menu or a 
message from link task that the next program in a method is 
ready to run. 

Go to sleep until this message is received. 

When awakened, update the ADC calibration readings to account 

for any drift in the analog circuitry. 

If (not starting the 4»c power failure soak sequence) then 
Send a message to the printer task to print the PE title 
line, system time and date, program configuration 
parameters, the program type and its number. 

If (starting a HOLD program) then 

Get the temperature to hold at {hold_tp} . 

Get the number of seconds to hold for {hold_time}. 

If (ramping down more than 3«C and {hold_tp} > 45»C) then 
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Post an intermediate setpoint. 

Else 

Post the final setpoint {hold_tp}. 
While (counting do%m the hold time {hold_time}) 

Wait for half second wake up message from timer task. 

Check block sensor for open or short. 

If (keyboard task detected a PAUSE key) then 

Post a setpoint of current sample temp. 

Send a message to wake up the pause task* 

Go to sleep until awakened by the pause task. 

Post pre*pause setpoint. 
If (an intermediate setpoint was posted) then 

Post the final setpoint. 
If (the setpoint temp is below ambient temp and will 
be 

there for more than 4 min.) then 

Set a flag to tell pid task to turn off the heated 
cover . 

Increment the half second hold time counter 
{store_time} . 

Post the final setpoint again in case the hold time 
expired before the intermediate setpoint was reached 
- this insures the correct setpoint will be written 
the history file. 

Write a data record to the history file. 

Send a message to the printer task to print the HOLD 

info. 

End of HOLD program 

Else if (starting a CYCLE program) then 

Add up the total number of seconds in a cycle 
{secs_in_run} , taking into account the instrxment ramp 
time and the user programmed ramp and hold times. 
Get the total number of seconds in the program by 
multiplying the number of seconds in a cycle by the number 
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of cycles in a program {nxiitt_cyc}. 

Total {secs_in_run} -= {secs_in_run} per cycle * {num^cyc}. 
While (counting down the number of cycles {n\iin_cyc}) 

While (counting down the number of setpoints 

{num^seg} ) 

Get the ramp time {ramp_time} . 

Get the final setpoint temp {t_final}. 

Get the hold time {local_time} . 

Send a message to the real time display task to 

display the ramp segment information* 

If (the user programmed a ramp time) then 

Compute the error {ramp_err} between the 
programmed ramp time and the actual ramp time as 
follows. This equation is based on empirical 
data. 

{ r ampler r} « prog ramp_rate * 15 + 0.5 (up ramp) 
{ r ampler r} «= prog ramp^rate * 6 + 1.0 (down 

ramp) 

where : 

prog ramp^rate = (abs(T^ • T^) - 1) / {ramp^time} 

T^ « setpoint temp {t_final} 

Tg = current block temp {blktemp} 

« absolute value of the 



expression 

Note: the 1' is there because the clock 

starts 

within l*C of setpoint. 

new ramp_time « old {ramp_time} - {ramp_err} 
If (new ramp_time > old {ramp^time}) then 
new ramp^time = old {ramp^time}. 

Else 
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new ramp^time = 0. 
While (sample temp is not within a user 
configured 

temp {cf_clk_dev} of eetpoint) 

Wait for half second wake up message from 

timer task. 

Post a new ramp setpoint every second. 
Else if (ramping down more than 3*C and {t_final} 
> 

45*C) then 

Post an intermediate setpoint. 

While (sample temp is not within a user 

configured 

temp {cf_clk_dev} of setpoint) 

Wait for half second wake up message from 

timer task. 

Increment .the half second ramp time 
counter. 

Check block sensor for open or short. 
If (keyboard task detected a PAUSE key) 
then 

Post a setpoint of current sample 

temp. 

Send a message to wake up the pause 
task. 

Go to sleep until awakened by the 
pause task. 

Post pre-*pau8e setpoint. 
Post the final setpoint. 

While (sample temp is not within a user configured 
temp 

{cf_clk_dev} of setpoint) 

Wait for half second wake up message from timer 
task. 

Increment the half second ramp time counter. 
Check block sensor for open or short. 
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If (keyboard task detected a PAUSE key) then 
Post a setpoint of current sample temp. 
Send a message to wake up the pause task. 
^ Go to sleep until awakened by the pause 

task. 

Post pre^pause setpoint. 
Send a message to the printer task to print the 

10 

ramp information. 

Beep beeper to signal end of ramp segment « 

Send a message to the real time display task to 

display the ramp segment information. 

While (counting down the hold time) 

Wait for half second wake up message from timer 

task. 

20 Increment the half second hold time counter. 

Check block sensor for open or short. 
If (keyboard task detected a PAUSE key) then 
Post a setpoint of current sample temp. 

25 

Send a message to wake up the pause task. 
Go to sleep until awakened by the pause 
task. 

Post pre-pause setpoint. 
write a data record to the history file. 
Send a message to the printer task to print the 
hold information. 
35 If (the final setpoint temp has drifted more than 

the 

user configurable amount {cf_temp_dev} ) then 
Write an error record to the history file. 

40 

Check for a programmed pause. 
Go to next segment. 
Send a message to the printer task to print an end of 
^ cycle message. 

Go to next cycle. 
End of CYCLE program, 

50 



55 
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Else if (starting an AUTO-CYCLE program) then 

Add up the total number of seconds in each program 
{secs_in_run} taking into account the instrument ramp time 
and the user programmed hold times which can be 
automatically incremented or decremented by a programmed 
amount each cycle . 

While (counting down the number of cycles {num_cyc}) 

While (counting down the number of setpoints 
{num_seg} ) 

Get the final setpoint temp {t^final}- 
Get the hold time {time_hold}. 

Check if the user programmed an auto increment or 
decrement of the setpoint temp and/or the hold 
time and adjust them accordingly. 

If (the auto increment or decrement of the temp 

causes the setpoint to go below O^C or above 

99.9*C) then 

An error record is written to the history file. 
The setpoint is capped at either O^C or 99.9^C« 

Send a message to real time display task to 

display the 

ramp segment information. 

If (ramping down more than 3**C and {t_final} > 
45*C) 
then 

Post an intermediate setpoint. 

While (sample temp is not within a user 

configured 

temp„ {cf_clk_devj ,pf setpoint) 

Wait for half second wake up message from 

timer task. 

Increment the half second ramp time 
counter. 

Check block sensor for open or short. 
If (keyboard task detected a PAUSE key) 
then 
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10 



15 



25 



Post a setpoint of current sample 

texnp . 

Send a message to wake up 'the pause 
task. 

Go to sleep until awakened by the 
pause task. 

Post pre-pause setpoint. 
Post the final setpoint. 

While (sample temp is not within a user configured 
temp 

{cf_clk_dev} of setpoint) 
Wait for half second wake up message from timer 
task. 

Increment the half second ramp time counter. 
20 Check block sensor for open or short. 

If (keyboard task detected a PAUSE key) then 
Post a setpoint of current sample temp. 
Send a message to wake up the pause task. 
Go to sleep until awakened by the pause 
task. 

Post pre-pause setpoint. 
Send a message to the printer task to print the 
ramp segment information. 

Beep beeper to signal end of ramp portion of 
segment . 

35 Send a message to the real time display task to 

display the hold segment information. 
While (counting do%m the hold time) 

Wait for half second wake up message from timer 
^ task. 

Increment the half second hold time counter. 
Check block sensor for open or short. 
If (keyboard task detected a PAUSE key) then 
Post a setpoint of current sample temp. 
Send a message to wake up the pause task. 
Go to sleep until awakened by the pause 

50 
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55 



75 



EP 0 488 769 A2 



Post pre-pause setpoint. 
Write a data record to the history file. 

5 

Send a message to the printer task to print the 
hold information. 

If (the final setpoint temp has drifted more than 
10 the 

user configurable amount {cf^temp_dev} ) then 
Write an error record to the history file. 
Go to next segment. 
Send a message to the printer task to print an end of 
cycle message. 
Go to next cycle. 
End of AUTO-CYCLE program. 

20 

Else if (starting a POWER FAILURE sec[uence) then 
Post a setpoint of 4*C. 
25 Set a flag {subamb_hold} so that the pid task will shut 

off the heated cover. 
DO FOREVER 

Wait for a half second wake up message from the timer 

^ task. 

Increment the half second hold time counter. 
END FOREVER LOOP 

End of power failure sequence 

35 

Write a run end status record to the history file. 
If (running a method) 
40 Set a flag {weird_f lag} so the link task will know to send 

a message to the secfuence task to start the next program 

-4^''- running . 

Else 

^ Return user interface to idle state display. 

End of Forever Loop 



50 
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Pause Task Overviev 

The purpose of the pause task is to handle either a pause 
that the user programs in a CYCLE program or a pause when 
the user presses the PAUSE key on the keypad* 

When the sequence task encounters a programmed pause while 
executing a CYCLE program, it goes to sleep and awakens the 
pause task. The pause task in turn sends a message to the 
real time display task to continually display and decrement 
the time the user asked to pause for. When the pause timer 
times out, the pause task sends a message to awaken the 
sequence task and then goes to sleep. The user can 
prematurely resume the program by pressing the START key on 
the keypad or can prematurely abort the program by pressing 
the STOP key. 

When the keyboard task detects a PAUSE key while a program 
is running, it sets a flag {pause_flag} then waits for the 
sequence task to acknowledge it. When the sequence task 
sees this flag set, it sends an acknowledgment message back 
to the keyboard task then puts itself to sleep. When the 
keyboard task receives this message, it awakens the pause 
task. The pause task sends a message to the real time 
display task to continually display and increment the amount 
of time the program is paused for. The timer will time out 
when it reaches the pause time limit set by the user in the 
configuration section. The user can resume the program by 
pressing the START key on the keypad or abort the program by 
pressing the STOP key. 

Pause Ta sk Pseudocode; 
Do Forever 

Wait for a message from the keyboard task indicating a 
keypad pause, or a message form the sequence task 
indicating a user programmed pause. 
Go to sleep until a message is received. 

When awakened, check a flag for the type of pause 
initiated. 
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20 



If (it is a programmed pause) then 

Send a message to the real time display task to 
display the pause timer counting up. 

Else 

Send a message to the real time display task to 
display the pause timer counting down. 
While (counting down the time out counter) 

Send a message to the system to suspend this task for 
half a second. 

Send a message to the printer task to print the pause 
information. 

If (it is a programmed pause) then 

The pause has timed out so send a message to the wake 
up the secfuence task. 

Send a message to the real time display task to halt 
the pause display. 

Send a message to the real time display task to 
resume the running program display. 
Else (it is a keypad pause) 

The pause has timed out and the program must be 
aborted so send a message to the system to halt the 
sequence task and send it back to the top of its 
FOREVER loop. 

If (the program running was a HOLD program) 

Send a message to the printer task to print the 
35 hold information. 

Write a status record to the history file. 
Return the user interface to its idle state. 
Display an abort message. 
End of Forever Loop 
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pjsplav Task Qverviev 

The purpose of the real time display task is to display 
temperatures, timers, sensor readings, ADC channel readings, 
and other parameters that need to be continually updated 
every half second. 

Display Task Pseudocode : 
Initialize display task variables • 

Do Forever 

Wait for a message every half second from the timer task. 
Go to sleep until the message is received. 
When awakened, check if another task has sent a list of 
parameters to display or a flag to halt the current 
update . 

Toggle the half second flag {half^sec} . 

If (there's a list of parameters to display) then 

Set a semaphore so no one else will update the 

display. 

Turn off the cursor. 

While (stepping through the list of parameters) 
If (it is a time parameter) then 
Display the time. 

If (half second flag {half_sec} is set) then 

Increment or decrement the time variable. 
Else if (it is a decimal number) then 

Display a decimal nxunber. 
Else if (it is an integer number) then 

Display the integer. 
Else if (it is an ADC channel readout) then 

Read the counts from the ADC channel. 

If (need it displayed as mV) then 
Convert counts to mV. 

Display the value. 
Else if (it is a power display) then 

Display the power in terms of watts. 



79 



EP 0 488 769 A2 



Else if (it is the hours left parameter) then 
Convert seconds to tenths of hours. 
Display the hours left in tenths of hours, 
^ If (half second flag {half_sec} is set) then 

Decrement the seconds variable • 
If (the cursor was on) then 

Turn it bac)c on. 
Store the current system time in battery RAM. 
Clear the semaphore to release the display. 
End of Forever Loop 

15 
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Printer Task Overview 

The purpose of the printer task is to handle the runtime 
printing. It is a low priority task and should not 
interfere with other time critical tasks. 

printer Task Pseudocode ; 
Do Forever 

Wait for a message from another task that wishes to print. 
Go to sleep until a message is received. 

When awaken, make local copies of the global variables to 
be printed. 

Post a printer acknowledgement message. 

If (need to print a status or error message) then 

Print the information contained in the current 

history record. 
Else if (need to print the page header) then 

Print the company name, instrument ID, firmware 

version number and the current system time and date. 
Else if (need to print the program header) then 

Print the type of program and its number. 
Else if (need to print the program configuration 

parameters ) then 

Print the tube type, reaction volume and the sample 
temperature deviation from setpoint that starts the 
clock. 

Else if (need to print end of cycle information) then 
Print the ending time and temperature. 

Else if (need to print segment information) then 

Print either the ramp or hold segment information. 

Else if (need to print a pause status message) then 

Print the amount of time paused for and at what temp. 
End of Forever Loop 

LED Task Overview 

The purpose of the LED task is to make the illumination of 
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the "Heating" LED reflect the power applied to the main 
heater. This is a low priority task that runs once a 
second. 



T.gp Task pseudocode; 
Initialize LED task variables. 

Do Forever 

Send a message to the system to wake this task every 

second. 

Go to sleep* 

When awaken, load counter 2 of PIC timer A with a value 
that reflects the power applied to the main heater as 
follows: 

load counter with value « {K_htled} * {ht_led} 
Where: 

{K_htled} holds a constant to compute the time to 
pulse the heating LED and is equal to 15200 / 500. 
15200 is a little greater than the PIC"s clock of 
14.4KHZ and this is the value loaded into the timer 
to keep the LED constantly on. 500 is the main 
heater power. 

{ht_led} will be a value between 0 and 500 and will 
be equal to the watts applied to the main heater. 
End of Forever Loop 

Link Task overview 

The purpose of the link task is to simulate the user 
pressing the START key on the keypad. This task is 
necessary so that programs can be executed one right after 
the other (as in a method) without user intervention. The 
link task wakes up the sequence task and it begins running 
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the next program as if the START key were pressed. 

7^ ink TasV Pseudocode; 
Initialize link task variables. 

Do Forever 

If (the flag {weird^flag} is set and it is not the 

file in 

the method) then 

Send a message to the sequence task to wake up. 
End of Forever Loop 
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Start Up Sequence 
POWER-UP SEQUENCE 



When the power to the instr\ment is turned on or the 
software does a RESET, the following sequence takes place. 
Note: the numbers below correspond to numbers on the flow 
chart - 



Transmit a Ctrl-G (decimal 7) character out the RS- 
232 printer port. Poll the RS-232 port for at least 
1 second and if a Ctrl-G is received, it is assumed 
that an external computer is attached to the port and 
all communication during the power-up sequence will 
be redirected from the Keypad to the RS-232 port. If 
no Ctrl-G is received, the power-up sequence 
continues as normal. 

Check if the MORE key is depressed. If so, go 
straight to the service-only hardware diagnostics. 

I, The next 3 tests are an audio/visual check and cannot 
report an error: 1) the beeper beeps 2) the hot, 
cooling, and heating LEDs on the keypad are flashed 
3) each pixel of the display is highlighted. The 
copyright and instrument ID screens are displayed as 
the power-up diagnostics execute. 

i. Should an error occur in one of the power-up 
diagnostics, the name of the component that failed is 
displayed and the keypad is locked except for the 
code 'MORE 999 • which will gain access to the 
service-only hardware diagnostics. 

5. Check channel 0 of the PPI-B device to see if the 
automated test bit is pulled low. If it is, run the 
UART test . I f the test passes , beep the beeper 
continuously- 

6. Start the CRETIN operating system which in turn will 
start up each task by priority level. 
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Check a flag in batt;ery RAM to see if the instrument 
has been calibrated. If not, display an error 
message and lock the keypad except for the code 'MORE 
999* which will gain access to the service-only 
calibration tests. 

Run a test that measures the voltage and line 
frequency and see if both these values match the 
configuration plug selected while calibrating the 
instrument. If not, display an error message and 
lock the keypad except for the code 'HORE 999' which 
will gain access to the eervice-only calibration 
tests. 

Perform the heater ping test as described in the 
Install section. If the heaters are wired wrong, 
display an error message and lock the keypad except 
for the code 'MORE 999' which will gain access to the 
service-only calibration tests. 

Check a flag in battery RAM to see if the instrument 
has been installed. If not, display an error message 
and lock the keypad except for the code 'MORE 999' 
which will gain access to the install routine. 
If not in remote mode, check a flag in battery RAM to 
see if there was a power failure while the instrument 
was running. If so, start a 4*0 soak and display the 
amount of time the power was off for. Ask the user 
if they wish to view the history file which will tell 
them exactly how far along they were in the run when 
the power went off. If they select yes, they go 
straight to the user diagnostics. 

Beep the beeper and clear the remote mode flag so all 
communication now is back through the keypad. 
Check a flag in battery RAM to see if manufacturing 
wants their test program automatically started. If 
so , start the program running and reset the 
instrument after its done. 

Display the top level user interface screen. 
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Referring to Figure 50, there is shown a cross- 
sectional view of a larger volume, thin walled reaction tube 
marketed under the trademark MAXIAMP. This tube is useful 
for PGR reactions wherein reagents or other materials need 
to be added to the reaction mixture which will bring the 
total volume to greater than 200 microliters. The larger 
tube shown in Figure 50 made of Himont PD701 polypropylene 
or Valtec HH-444 polypropylene and has a thin wall in 
contact with the sample block. Whatever material is 
selected should be compatible with the DNA and other 
components of the PCR reaction mixture so as to not impair 
PGR reaction processing such as by having the target DNA 
stick to the walls and not replicate. Glass is generally 
not a good choice because DNA has been known to stick to the 

walls of glass tubes. 

The dimension A in Figure 50 is typically 0.012 ± 
•001 inches and the wall angle relative to the longitudinal 
axis of the tube is typically 17*. The advantage of a 17*» 
wall angle is that while downward force causes good thermal 
contact with the sample block, the tubes do not jam in the 
sample wells. The advantage of the thin walls is that it 
minimizes the delay between changes in temperature of the 
sample block and corresponding changes in temperature of the 
reaction mixture. This means that if the user wants the 
reaction mixture to remain within 1«C of 94**C for 5 seconds 
in the denatxiration segment, and programs in these 
parameters, he or she gets the 5 second denaturation 
interval with less time lag than with conventional tubes 
with thicker walls. This performance characteristic of 
being able to program a short soak interval such as a 5 
second denaturation soak and get a soak at the programmed 
temperature for the exact programmed time is enabled by use 
of a calculated sample temperat\ire to control the timer. In 
the system described herein, the timer to time an incubation 
or soak interval is not started until the calculated sample 
temperature reaches the programmed soak temperature. 
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Further, with the thin walled sample tubes, it only 
takes about one-half to two-thirds as long for the sample 
mixture to get within !•€ of the target temperature as with 
prior art thick -walled microcentrifuge tubes and this is 
true both with the tall MAXIAMP* tube shown in Figure 50 and 
the smaller thin walled MICROAMP* tube shown in Figure 15. 

The wall thickness of both the MAXIAMP* and MICROAMP* 
tubes is controlled tightly in the manufacturing process to 
be as thin as possible consistent with adequate structural 
strength. Typically, for polypropylene, this will be 
anywhere from 0.009 to 0.012 inches. If new, more exotic 
materials which are stroger than polypropylene are used to 
achieve the advantage of speeding up the PGR reaction, the 
wall thickness can be less so long as adeqpiate strength is 
maintained to withstand the do%mward force to assure good 
thermal contact, and other stresses of normal use. With a 
height (dimension B in Figure 50) of 1.12 inches and a 
dimension C of 0.780 inches and an upper section wall 
thickness (dimension of D) 0.395 inches, the MAXIAMP tube's 
time constant is approximately 14 seconds although this has 
not been precisely measured as of the time of filing. The 
MICROAMP tube time constant for the shorter tube sho%m in 
Figure 15 is typically approximately 9.5 seconds with a tube 
wall thickness in the conical section of 0.009 inches plus 
or minus 0.001 inches. 

Figure 51 shows the results of use of the thinner 
walled MICROAMP tube. A similar speeded up attainment of 
target temperatures will result from use of the thin walled 
MAXIAMP tube. 

Referring to Figure 51, there is shown a graph of the 
relative times for the calculated sample temperature in a 
MICROAMP tube versus the time for a prior art tube to reach 
a temperature within l^C of a target denaturation 
temperature of 94''C from a starting temperature of 72 ^'C. In 
Figure 51, a 100 microliter sample was present in each tube. 
The curve with data points marked by open boxes is the 
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calculated sample temperature response for a MICROAMP tube 
with a 9.5 second response time and a 0*009 inch vail 
thickness. The curve with data points narked by X's 
represents the calculated sample temperature for a 100 
microliter sample in a prior art, thick vailed 
microcentrifuge tube vith a 0.030 inch vail thickness. This 
graph shows that the thin vailed MICROAMP tube sample 
reaches a calculated temperature vithin l^C of ^e 94 
target soak temperature vithin approximately 36 seconds 
while the prior art tubes take about 73 seconds. This is 
important because in instruments vhich do not start their 
timers until the soak temperatxxre is substantially achieved, 
the prior art tubes can substantially increase overall 
processing time especially vhen considered in light of the 
fact that each PCR cycle vill have at least tvo ramps and 
soaks and there are generally , very many cycles performed. 
Doubling the ramp time for each ramp by using prior art 
tubes can therefore drastically increase processing time. 
In systems vhich start their times based upon 
block/bath/oven temperature vithout regard to actual sample 
temperature, these long delays betveen changes in 
block/bath/oven temperature and corresponding changes in 
sample mixture temperature can have serious negative 
consequences. The problem is that the long delay can cut 
into the time that the reaction mixture is actually at the 
temperature programmed for a soak. For very short soaks as 
are popular in the latest PCR processes, the reaction 
mixture may never actually reach the programmed soak 
temperature before the heating/cooling system starts 
attempting to change the reaction mixture temperature. 

Figure 50 shovs a polypropylene cap 650 connected to 
the MAXIAKP sample tube by a plastic veb 652. The outside 
diameter £ of the cap and the inside diameter F of tihe tube 
upper section are sized for an interference fit of betveen 
0.002 and 0.005 inches. The inside surface 654 of the tube 
should be free of flash, nicks and scratches so that a gas* 
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tight seal with the cap can be fonrved. 

Figure 52 shows a plan view of the tube 651, the cap 
650 and the web 652- A shoulder 656 prevents the cap from 
being pushed too far down into the tube and allows 
sufficient projection of the cap above the top edge of the 
sample tube for making contact with the heated platen- This 
also allows sufficient cap deformation such that the minimum 
acceptable force F in Figure 15 can be applied by 

deformation of the cap . 

In the preferred embodiment, the tube and cap are 
made of Hiroont PD701 polypropylene which is autoclavable at 
temperatures up to 126*C for times up to 15 minutes. This 
allows the disposable tubes to be sterilized before use. 
Since the caps are permanently deformed in use in machines 
with heated platens, the tubes are designed for use only 
once . 

Caps for the MICROAMP tubes are available in 
connected strips of 8 or 12 caps with each cap numbered or 
as individual caps. Single rows of caps may be used and the 
rows may be easily shortened to as few as desired or 
individual caps may be cut off the strip. Caps for MAXIAMP 
tubes are either attached as shown in Figure 50, or are 
separate individual caps. 

The maximum volume for post-PCR reagent additions to 
permit mixing on the MICROAMP tube is 200 microliters and is 
up to 500 microliters for the MAXIAMP tube. Temperature 
limits are -70*C to 126*C. 

The response time depends upon the volume of the 
sample. Response is measured as the time for the sample to 
come within 37% of the new temperature when the block 
suddenly changes temperature. Typical response time for a 
50 microliter fill are 7,0 seconds and for a 20 microliter 
fill are 5.0 seconds. 
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APPENDIX A 
User Interface 

The objective of the GeneAmp PCR System 9600 user 
interface is to provide a simple way to develop and run 
programs that perform PCR. 

There are 3 types of programs available. The HOLD program 
consists of a single setpoint held for a set amount of time 
or held for an infinite amount of time and terminated by the 
STOP key. The CYCLE program adds the features of timed 
ramps and programmable pauses. This program allows up to 9 
setpoints and up to 99 cycles. The AUTO program allows the 
user to increment or decrement the setpoint time and/or 
temperature a fixed amount every cycle. This program also 
allows up to 9 setpoints and up to 99 cycles. A METHOD 
program provides a way to link up to 17 hold, cycle or auto 
programs together . 

A total of 150 programs can be stored with numbers ranging 
from 1 to 150. Programs can be created, stored, protected, 
printed, or deleted. A directory of the stored programs can 
be viewed or printed. 
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THE SYSTEM 9600 KEYPAD 








Heating 








Cooling 



PAUSE 



Hot 



RUN 



MORE 



BACK 



STEP 

PAUSE 

OPTION 



STOP 
CE 

ENTER 



OPTION 









ENTER 



starts a program running from the program display 
or restarts a programmed or keypad pause. 

toggles the runtime displays and also accesses the 
service-only functions (if followed by the code 

999) . 

moves to the previous field within the same 
screen. If currently positioned on the first 
field, it moves to the previous screen. 

moves down to the first field in the next screen. 

starts a paused time-out for manual interruptions. 

either moves the cursor left-to-right through the 
menu items (rolling over to the leftmost option) 
or toggles the YES/NO response. 

aborts a running program or moves the user up one 
level in the user interface. 

clears invalid numeric entries* 

accepts the current numeric entry, accepts a menu 
item, accepts a YES/NO response, or s)cips to the 
next field of a display. If the numeric entry is 
the last of a display, ENTER steps to the next 
display. 
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COMMON SYSTEM 9600 DISPLAYS 



PROGRAM display • Example; 



Prog Msg Temp CYCL /17 Done 74. OC 

Menu^^_^^^^^^^^^^^^_^^ RUN^STOM^PRINT^^ 

Prog is either HOLD, CYCL, AUTO or METH 

### is the program / (1-150) or ??? if it is not 

Stored yet 

Msg is either Done, Error, Abort or blank 

Temp is the current sample temperature 

Menu are the available options 



RtTKTIME display Example: 



Action Temp Ramp to 94 .OC 29. 6C 



Action is either 'Hold at xx.xC or 'Ramp to xx.xC 

Temp is the current sample temperature 

Timer counts down the hold or ramp time or counts up a hold 

time of FOREVER 
Prog/Cyc for a HOLD file is 'Prog xxx' 

for a CYCL or AUTO file is 'Cycle xx' - counts up 



MORE display Example; 



Setpt Tot Cyc Setpt #3 Tot Cyc 25 

Timer Prog Hrs left 2>5 Prog 17 



setpt is the current setpoint # (1-9) - counts up 
Tot Cyc is the total # of cycles (l*-99} in the current 

program 

Timer is the time left in the program in hrs - counts down 
Prog is the current program # (1«-150) 



KEYPAD PAUSE display Example; 

Prog /#/ Temp AUTO #18 55. OC 

PAUSE Timer PAUSE 9:45 



Prog is either HOLD, CYCL, AUTO or METH 

### is the program # (1-150) or ??? if it is not 

Stored yet 

Temp is the current sample temperature 

Timer is the configurable pause time - counts down 
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TOP LEVEL USSR IHTERFXCE 



Select Option 9600 
TOP LEVEL display 




RUN display 



Edit 

Enter program #xxx 



EDIT display 



Create program 

HOI£^CYCL^AUTO^MEra 
CREATE display 



Select function 

^^IR^CONFIG^DIAG^DEI^ 
UTIL display 



Programs are created by selecting a program type in the 
CREATE display. The user is brought directly to the first 
display of the program to be edited. 

stored programs are retrieved by entering a number 1 to 150 
from the RUN, EDIT, or program displays- Entering a valid 
program number from the RUN display automatically begins the 
run. Entering a valid program number from the EDIT or 
program display brings the user to the first display of the 
program to be edited. 

Programs are edited by pressing STEP (move down a screen), 
BACK (move to the previous field) or ENTER (move to the next 
field) . 



Programs are run by 
menu or by press ing 
must first enter 2 



Tube type: MICRO 
React vol: lOOuL 



selecting RUN the EUN-STORE-PRINT-HOME 
, the RUN key on the keypad. The user 
parameters required for each run. 

^ The OPTION key toggles the tube 
type from MICRO (MicroAmp tube) 
to THIN (thin-walled GeneAmp 
iM tube). If the user configured a 
special tube, then the option of 
OTHER is added. A different 
reaction volume may be entered. 
These parameters are stored with 
this program. ENTER i 
these values. 



Select print mode 

OFF-CYCLE-SETPOINT 



If the user configured the 
runtime printer ON and he is 
running a cycle, auto or method 
program, then the following 



printer choices are offered, the 
program is started. CYCLE prints 
a message only upon completion 
of a cycle . SETPOINT prints 
runtime data for every setpoint 
(ramp/hold time and temps) • 
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Select print mode 
OFF-ON 



If the user configured the 
runtime printer ON and he is 
running a hold program, then the 
following printer choices are 



Cover temp is xx»C 
Run starts a t 100*'C 



If the heated cover is below 
100 the following screen is 
displayed • If the user is on 
this display when the heated 
cover reaches 1 0 0 • C , the run 
automatically begins- If the 
user hit STOP to return to the 
program display, then the run 
must be manually re-started. 



Accepting HOME at the RUN- STORE-PRINT-HOME menu 
saving a program displays the screen^. 



without 



Prog #xxx not stored 

Continue? YES 
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HOLD PROGRAM 



HOLD #XXX XX. XC 

BUW-STORE-PRINT-HOl^ 

PROGRAM display 



Hold at XX.2&C 

Hold FOREVER-xxx ; xx 



The user can choose 
infinite soak or a 
hold. 



between an 
limited 



Beep while Hold? NO 



The beeper will sound once a 
second* 



HOLD PROGRAM - Runtime displays 



Hold at XX. xC XX. xC None 

xxxtxx ^rog_xx_ 

RUNTIME display MORE display 



HOLD #xx XX .xC Hone 
PAUSE xx:xx 



KEYPAD PAUSE display PROGRAMMED PAUSE 



HOLD PROGRAM - Runtime printout 

PE Cetus GeneAmp PGR System 9600 Ver xx.x Nov 14, 1990 
XX * XX am 

Tube type: MICRO Reaction vol:100uL Start clock within x.xC 
of setpt 

HOLD program #xxx ^ 
HOLD Program: xx.xC xxxtxx Actual: xx.xc xxx.xx 

^^HOLD Program: xx.xC FOREVER Actual: xx.xC xxx:xx 
HOLD program #xxx - Run complete Nov 14, 1990 xx:xx am 
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CYCIiE PROGRAM 



CYCL #xxx XX. xC 

RUN-STORE-PRINT-HOME 

PROGRAM display 



— — ^-■■■■■'^■^■■■"^ The default is 3 . This 

V To™i-iii-ui-o PCR determines the number of 

at Temperature PCR setpoints in this program. 1 to 

MM^Mi^HH^MMBHHHB 9 setpoints are allowed. 



Setpt #1 Ramp X2^:xx 
XX. xC Hold xx:xx 



The number of setpoints entered 
above determines how many 
setpoint edit displays will be 
offered . The user can enter a 
ramp and hold time for each 
setpoint. The hold timer will 
start when the sample temp gets 
within a user configurable temp 
of setpoint. 



Total cycles - ape 
Pause during run? HO 



If the user does NOT want to 
pause, then the next 3 displays 
are skipped. 1 to 99 cycles are 
allowed. 



Pause after setpt #a£ 
Beep while pause?YES 



Entering a 0 for setpoint number 
also means the user does NOT 
want to pause therefore the next 
2 displays are skipped. 



1st pause at cycl 
Paus^ever^xji^cjcl^ 



The cycle number is limited to 
the total nximber of cycles 
entered above. 



Pause time xa(:xx 



The default pause time is set in 
the user configuration. 
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CYCLE PROGRAM - RUBtia« displmys 



Rasap XX. xC xx.xC 
xxxrxx cycle xx 



RUNTIME display (ramp) 



Setpt #x Tot Cyc xx 
Hrs left XvXProgxxx 



MORE display 



Hold at XX. xC xx«xC 
xxxrxx cycle xx 



RUNTIME display 


(hold) 


CYCL #xxx 


• 

XX. xC 


PAUSE xx:xx 





KEYPAD PAUSE display 



Setpt #x XX. xC 

^PAUS^xx^xj^C^cle^^tt 

PROGRAMMED PAUSE 



CYCLE PROGRAM - Runtime printout 

PE Cetus GeneAmp PGR System 9600 Ver xx.x Nov 14, 19 9 0 

XX : XX am , , i^w^ ^ 

Tube typeiMICRO Reaction vol:100uL Start clock witnin x,xc 

of setpt 

CYCL program #xxx 
Cycle ^xx 

Setpt #x RAMP Program: xx.xC xxixx Actual: xx^xC 

XX • XX 

HOLD Program: xx.xC xx:xx Actual: xx.xC 

xx:xx 

(up to 9 setpoints) 

« • 

(up to 99 cycles) 

CYCL program #xxx - Run Complete Nov 14, 1990 xxtxx am 
CYCL program #xxx - User Aborted Nov 14, 1990 xx:xx am (only 
if aborted) 
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AUTO PROGRAM 



5 

AUTO #XXX XX .XC 

^JRUNj^STORE^PRI^^ 

PROGRAM display 
^ Texoperature PGR 



15 



Setpt #1 xx*kC 
Hold for xx:xx 



20 



25 

Setpt #1 XX .xC 
Change time/temp?YES 

30 



XX. xC delta _ x-xC 
delta xx:xx 



35 



Total cycles » 

40 



The default is 3. This 

determines the number of 

setpoints in this program. 1 to 
9 setpoints are allowed. 



The number of setpoints entered 
above determines how many 
setpoint edit displays will be 
offered. No ramp time is offered 
thus the instrument ramps as 
fast as possible. The hold 
timer start when the sample temp 
gets within a user configurable 
temp of setpoint. 

If the user wants to increment 

or decrement the time and/or 

temperature every cycle, then 

the following display is 
offered. 



The OPTION key toggles the arrow 
up (increment every cycle) or 
down (decrement every cycle) • 
The max time allowed to 
decrement is limited to the 
setpoint hold time. 

Up to 99 cycles are allowed. 



45 



SO 



55 
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XtTTO PROGRAM - Runtime displays 



Hold at XX .xC XX. xC 

XXX ; XX ^Cycle__xx 

RUNTIME display 



Setpt #x Tot Cyc XX 
^Hrslef^C^^rojxxx 

MORE display 



AUTO #xxx 
PAUSE xx:xx 



XX. xC 



KEYPAD PAUSE display 



None 



PROGRAMMED PAUSE 



AUTO PROGRAM - RuBtims printout 

PE Cetus GeneAxnp PCR System 9600 Ver xx.x Nov 14, 1990 
xx:xx am 

Tube type:MICRO Reaction volrlOOuL Start clock within x.xC 
of setpt 

AUTO program #xxx 
Cycle #xx 

Setpt #x RAMP Program: xx.xC xx:xx Actual: xx.xC 

XX : XX 

HOLD Program: xx.xC xx:xx Actual: xx.xC 

xx:xx 

(up to 9 setpoints) 

« • 

(up to 99 cycles) 

AOTO program #xxx - Run Complete Nov 12, 1990 xx:xx am 
AUTO program #xxx - User Aborted Nov 12, 1990 xx:xx am (only 
if aborted) 
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METHOD PROGRAM 



METH #XXX XX .xC 

_gim^STORE^JPRIOT 

PROGRAM display 



10 



15 



Link progs: 



Up to 17 programs can be linked 
in a method. If the user tries 
to enter a non-existant program 
#, the message ••Prog does not 
exist'' is displayed* If the user 
tries to link another method, 
the message ••Cannot link a 
method •» is displayed. 



20 



25 



METHOD PROGRAM - Runtime displays 

The RUNTIME, MORE and PAUSE displays will be those of the 
program currently running. Two additional MORE displays are 
offered when the program running is linked in a method. 



30 



35 



METH #xxx aaa-bbb- 
^ccc-ddd-eee-fff^ggg^^ 

ADDITIONAL MORE display 



The number of the program 
currently running will flash. 



40 



hhh-iii-jjj-kkk-111- 
Bmm-nnn-ooo-ggg^22^^ 



45 



SO 



METHOD PROGRAM - Runtime printout 

PE Cetus GeneAmp PGR System 9600 Ver xx.x Nov 14, 1990 

Tube type:MICRO Reaction vol:100uL Start clock within x.xC 
of setpt 



METHOD program #xxx 
program data 



preceeds all linked 



55 



METHOD program #xxx - Meth Complete - 
progra data 



follows all linked 
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KETBOD PROGRAM • Print 



Select option 
[ETHOD - PROGRAMDATA 



METHOD prints the header of each program linked in the 
in method. ^ . . 

PROGRAM DATA prints the header and contents of each 

program linked in the method. 



15 



20 



25 



30 



35 



40 



45 



50 



55 
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STORIMG A PROGRAM 



When STORE is selected from the RUN-£TORE-PRINT-HOME menu 
the routine for storing a program is the same for ^ txlB ai 
well as a methods Protecting a program insures the user 
that the program will not be overwritten or deleted without 
knowledge of the user number. Other users will be able to 
view, edit, run, and link the protected file in thexr 
methods but will not be able to alter the stored version. 



Store 
Enter program #xxx 



XXX is the f ir st ava i lable 
program n\imber from 1 - 150. 



Progxxx is 
Enter user 



protected 
#xxxx 



The user has entered the # of a 
protected program . The correct 
user # must be entered in order 
to overwr i te th i s program . 



Progxxx is protected 
Wronq user number 1 



Progxxx is linked in 
Methxxx Continue? YES 



CaJi't overwrite prog 
Linked in method xxx 



The wrong user # was entered. 
This display remains for 5 
seconds before reverting to the 
previous one. The user is given 
3 chances to enter the correct 

If the user tries to overwrite a 
program that is linked in a 
method, the user is warned and 
given the option of continuing 
or not. 



to overwrite a 
linked in a 
method with another method, an 

is given. 



If the user tries 
program that i s 



Protect program? 



The user is given the chance to 
protect a program as well as 
unprotect a previously protected 
program • 



Enter user #xxxx 



The user wants to protect the 
program and therefore must enter 
a user #• 



Ready to store the program in an available slot. The user 
# appears only if the program is protected. 
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Prog #xxx User #xxxx 
OK to store? YES 



Prog i^xxx User #xxxx 
OK to overvrite? YES 



Ready 
t o 
overwr 
Ite an 
exist! 
n g 
pr ogra 
m. The 
user # 
appear 
6 only 
if the 
progra 
n is 
protec 
ted. 



UTILITY FUKCTIONS 



Select function 
IR-COHFIG- D IAG-DEL 

UTIL display 

DIR allow the user to view or print a directory of the 

stored programs by either their program number, 
user number or program type. 

CONPIO allows the user to tailor the use of the instrument 
to their specific needs. 

DIAG offers the user a means of diagnosing runtime 
problems and verifying the performance of the 
instrument. 

DEL allows the user to delete stored programs by 

program number, user number or program type. 
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UTIL - DIRECTORY 



Directory 

PROG -TYPE-US ER-PRINT 



Directory by VROOran number 



Directory 
Enter program #xxx 



HOLD #124 



Programs will be listed in 
numerical order starting at the 
given number. The STEP and BACK 
keys move through the directory 
displays. The beeper sounds at 
the beginning or end of the 
program list. 

STOP returns the user to the 
above display. 



Directory by program TYPE 



Directory 
HOLD-CYCL-AtJTO-METH program 



The program numbers will be 
listed for the selected type of 



CYCL #15 



Directory by USER number 



Directory 
Enter user #xxx: 



All programs 
given user 
listed. 



number 



under 
will 



the 
be 



METH #150 User #1234 



Directory PRINT 



The user can get a hardcopy of 
Directory Print directory listing in the 

PROG-TYPE-USER same manner the directory is 

^^^■■"■■^■■^■m™^™™ viewed above. 
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UTIL - DSER CONFIGURATION 



10 



Conf ig\iration 



Tine: xx:xx 



The configuration file can be 
edited by accepting EDIT from 
the menu or by pressing the STEP 
Key. PRINT prints the contents 
of this file. 



The user can 
and date* 



set the system time 



15 



20 



25 



Runtime printer OFf 
Runtime beeper^__ON 



Pause time-out limit 

XX : XX 



30 



Allowed 

X.X*C 



If the runtime printer is ON, 
the user will be prompted with 
printer option as the start of 
each run* If the runtime beeper 
is ON, then a beep will sound at 
the end of each segment (after a 
ramp or hold portion of a 
sequence) while running a 
program . 

This time represents the maximum 
amount of time a program can 
pause for before it is aborted. 
This pertains only to the keypad 
pause. 

This time represents the number 
of degrees the actual sample 
temp may vary from the setpoint 
before an error is flagged. 



35 



40 



45 



50 



Idle 



state setpo int 



Start clocX within 
x.x»C of setpoint 



This setpoint is useful for 
balancing the control cooling 
power which is always present. 
The s amp 1 e temp will be 
maintained at the idle state 
setpoint whenever the instrument 
is idle. 

The clock which times the hold 
segment of a running program can 
be configured to be triggered 
when it gets within this 
temperature of the sample temp. 
The nominal value is 1.0 *C. 



If the user wishes to use a different type of tube other 
than the MicroAmp or Thin-walled GeneAmp tubes, they must 
set this option to YES and enter at least 3 pairs of 
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"^^^"^■^^■^^■^^■""^ reaction volume and tube time 
^.^>^'> un constant data. This curve will be 

Special tube? NQ ^^^^ extrapolate the correct 

MMH^HHHMHH^^HMHH Tau ( tubc tioe constant) for each 

run using this special tube 
depending on the reaction volume entered by the user at 
the start of a run. 



10 



TTTIL * USER COMPIGURXTION (COBt) 



Rxn vol^xxxuL T«xxxs 
Rxn vol-xxxuL T«xxxs 



3 sets of this screen will be 
offered if the user 
••Special tube?«» to YES. 



IS 



20 



25 



30 



35 



40 



45 



50 
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0TIL - DELETE 



Delete 

PROGRAM-USER- ALL 



10 



Delete by PROGRAM 

Delete 



15 



Can*t delete progxxx 
Linked In methodxxx! 



20 



All programs (files and methods} 
can be deleted by number. 



A program cannot be deleted if 
it linked in a method. 



25 



Progxxx is protected 
Ent€^user#x>o« 



The user has entered the # of a 
protected program . The correct 
user # must be entered in order 
to delete this program. 



30 



Progxxx is protected 
Wrong user number! 



The wrong user f was entered. 
This display remains for 5 
seconds before reverting to the 
previous one • The user is given 
3 chances to enter the correct 



35 



#xxx User #xxxx 
D^elet^^rogramTYES^ 



Ready to delete the program. The 
user # appears only if the 
program was protected. 



40 



Delete by USER 



45 



Enter user 



#XXXJ^ 



50 



Delete 

N^^rog^witJ^^jocxjtf 



Programs can be deleted under a 
given user number. 



If no programs exist 
given user the 
message is displayed. 



with the 
following 
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Progs linked in meth 
STEP to list progs 



Programs cannot be deleted if 
they are linked in a method. The 
STEP key will cycle through the 
list of linked programs. 
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UTIL - DELETE (cont) 



Can*t delete progxxx 
Linked in methodxxx! 



The list of the linked programs 
will show which method the 
program is linked to. 



10 



User #xxxx 

Delet^^ll^^rogsTYE^ 



This will delete all the 
programs under the given user # 
that are not linked. 



15 



Delete ALL 



20 



Delete every 
^jngrotected^^grogTYE^ 



This will delete every 
unprotected program that is not 
linked in a protected method. 



25 



30 



35 



40 



45 



50 
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UTIL - USER 0IAGM08TIC8 



While running any diagnostic test, the STOP key always 
returns the user to the top level diagnostic screen and 
automatically increments the test number and name to the 
next test. This facilitates manually cycling through the 
available diagnostics. 



10 



Enter Diag Test #1 

REVIEW HISTORY FILE 



IS 



20 



The user can enter the number of 
the diagnostic to run or can use 
the STEP or BACK keys to cycle 
through the available tests. 
Every time the STEP or BACK key 
is pressed, the test number is 
incremented or decremented and 
the associated test name is 
displayed. This feature 

eliminates the need for the user 
to memorize the number 
associated with each test. 



25 



30 



35 



40 



45 



50 



REVIEW EISTORY FILE 



Enter Diag Test 

REVIEW HISTORY FILE 



The history file is a circular 
buffer in battery RAM which can 
store up to 500 records of the 
latest run. When the buffer is 
full, the oldest entries will be 
overwritten. The buffer will 
automatically be cleared before 
a program is executed. 



HISTORY nnn recs 
ALL-STAT-ERRORS-PRNT 



■ The history file header displays 
the current number of records in 
the file ( 'nnn' ) . 
I ALL views all the records 

STAT views only the status 
records 

ERRORS views only the records with 
error messages 

PRKT prints all or part of the history 
file 

The two types of records are 1) status records which give 
information about the program and 2) data records which give 
information abount each hold and ramp segment in a program. 
A Hold program is treated as one hold segment and the data 
record will be stored when the file ends. 

Since there could be hundreds of entries (50 cycles X 6 
setpoints "« 350 entries), fast, bi-directional movement 
through the file is required. Note that most PGR programs 
will be 3 or 6 setpoints and 40 cycles or less. The entries 
will normally be reviewed in reverse order, thus the first 
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record seen will be the last record written. 

If the user has chosen a type of record to view, STEP or 
BACK will move down or up the buffer by one entry of the 
chosen type. By preceding STEP or BACK with a number, the 
second line is replaced with "Skip #XXX entries". The user 
enters a number and presses ENTER to accept the value and 
that number of entries is skipped going forward (STEP) or 
backward (BACK) . 

By preceding STEP or BACK with the RUN key, the user can 
quickly move to the largest record # (the newest record) or 
record #1 (the oldest record) of the chosen type. 

STOP terminates the review mode and displays the file 
header • 
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STATUS RECORD 



ffff /xxx/mmm 



nnn 



•ffff is either HOLD, CYCL or 
AUTO 

•xxx' is the program number 

» / ynmm * is the &ethod number for 

a linked program, else blank 



•nnn' is the record number 

• message' is one of the following: 



Status vessages 

Tube Type: xxxxx 
Reaction vol: xxxuL 
Clk starts w/in x.xC 

Start XX /XX /XX xx:xx 
End xx/xx/xx xxrxx 
Meth Complete 

Pause xx:xx at xx.xC 



Type of sample tube used in the run 

Reaction volume used in the run 
The hold clock starts within this temp 
of setpoint 

Time and date of the start of the run 
Time and date of the end of the run 

All programs linked in the 

method are complete 
The program paused for this time at 
this temp 



Fatal status messagei 

Sensor Error 

Power fail xxx.x hrs 
User Abort 
Pause Timeout xx:xx 
Fatal Setpoint Error 



A sensor had a bad reading 10 

times in a row 
The power was off for this amount of 
time 

The user pressed the STOP key during 
the run 

The keypad pause has reached its 
configurable time limit. 

Is the requirement to abort a program 
if the setpoint is not reached within 
a calculated amount of time. A 10 X 
10 lookup table of starting ramp 
temperature (0**C - 100*C in lO'C 
increments) vs. ending ramp 
temperature (same axis labeling) will 
hold the average time the TC2 should 
take to ramp up or down any given 
amount of degrees. The file will be 
aborted if the setpoint is not reached 
in the amount of time calculated as 
follows: 



programmed ramp time -f 
10 minutes 



(2 * lookup table value) + 



DATA RECORD 

•f ' is either HOLD, CYCL or AUTO 
•xxx' is the program number 
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mmamma^K^a^mm^^^i^a^mm i/mmm* is the method number for 

AAA An r^y^r^ « linked program else blank 

• n n n • 
is the 
record 
number 

•yy* is the cycle number 
•z' is the setpoint number 
• iiijnm:ss* is the setpoint time 

The cycle and setpoint number fields will be omitted for a 
Hold program. 



DATA ERROR RECORD 



■iii"^"^™"""'""'""^^^^"^"" 'ddd.d' is the ending setpoint 

message ddd.dC nnn ^Jj^P, record number 

CvcvY Setpt z mmm;ss the cycle number 

•z* is the setpoint number 

♦mmm:ss' is the setpoint time 

•message* indicates a non-fatal error 

as follows: 

Moa-fatal Error Aessages 

Setp Error The setpoint was not reached in the calculated 

time: 

programmed ramp time + (2 * lookup table 

value) . 

Prog Error An Auto program auto increment/decrement of the 

setpoint temp or time caused the hold time to go 
negative or the temp to go out of 

the range 0,1**C to 100 *C. 

Temp Error At the end of the segment, the setpoint temp has 

drifted +/- a user configurable amount. 

For the Hold program, the cycle and setpoint fields will be 
omitted. 
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VR2KTIHG THE HISTORY FILE 



Access to the history file print routines is through the 
history file header menu. The OPTION key cycles the cursor 
through the options: 



HISTORY nnn recs 

ALL- ST AT - ERRORS - PRNT 



Pressing the ENTER key when the cursor is positioned under 
PRNT displays the print screen: 



Print History 

^^LLjjSTAT^ERRORS 



ALL prints all the records in the file 

STAT prints only the status records 

ERRORS prints only the records with error messages 

When one of print options is selected, the following screen 
is displayed: 



Print History 



The first (most recent) program number will be the default 
program. The user can change the program number from which 
to begin printing. While printing, the following screen is 
displayed: 



Print History 
jgrintinc^^ 



• • • 



At the end of printing, the Print History menu is again 
displayed. 
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HEATER TEST 



Enter Diag Test #2 
HEATER TEST 



The heater test calcul 
as its temperature ri 
screen is displayed 
35«C. 



the heat rate of the sample block 
from 35 to 65 ^C. The following 
it forces the block temperature to 



Heater Test Blk«XX-X 
foinq to 35C. 



When the temperature stabilizes, 
full power • The display now re 
block temperature is monitored 
passes 50«C. After 20 seconds, 
displayed* 



all heaters are turned on 
••going to 65C" and the 
for 20 seconds after it 
J or fail message is 



Heater Test PASSES 



CHILLER TEST 



Enter Diag Test #i 
CHILLER TEST 



The chiller test calculates the 
block as its temperature drops 
following screen is displayed 
temperature to 35®C. 



cool rate of the sample 
from 35 •€ to 15 •C. The 
it forces the block 



Chillr Test Blk«XX-X 



When the temperature stabilizes, the chiller is on. The 
display now reads "going to 15C*« and the block temperature 
is monitored for 20 seconds after it passes 25«C. After 20 
seconds, a pass or fail message is displayed. 



Chiller test PASSES 
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Claims 

1. A system for controlling an apparatus for automated perfbrnnance of polymerase chain reactions in at least 
one sample tube containing a known volume of a liquid sample mixture, comprising: 

a. a sample block having at least one well for said at least one sample tube. 

b. a computing apparatus, *. , 

c. Heating and cooling means controlled by said computing apparatus for changing the temperature of 

said sample block, and 

d. a block temperature sensor thermally coupled to said sample block, said sensor providing to said 
computing apparatus the temperature of said sample block over time. 

wherein said computing apparatus includes means for detenmining the temperature of said liquid sample 
mixture as a function of the temperature of said sample block over time. 

2 The apparatus of claim 1. wherein said computing apparatus comprises means for storing one or more 
values related to a first thermal time constant corresponding to said sample tubes and said volume of said 
sample mixture, and storage for a second themnal time constant corresponding to said block temperature 
sensor. 

3 The apparatus of claim 2. wherein said means for determining the sample temperature as a function of 
the temperature of said sample block over time includes means for determining the sample temperature 
as a function of said firet and second themial time constants, 

4. The apparatus of claim 3. wherein said computing apparatus detemiines said sample temperature in a 
current sample interval at a current time n as: 

Tsamjv - Tsamivi + (Tb„ " Tsamp J * tfrrterval/teU 

Where T,^p is equal to the sample temperature at time n, T«^p^, is equal to the sample temperature at 
an immediately preceding sample interval having occurred at time n-1 . Tb„ is equal to the block tempera- 
ture at time n, t,ntervai is a time in seconds between sample intervals, and tau is said firet thenmal time con- 
stant minus said second themnal time constant. 

5. The apparatus of claim 4, wherein said firet thermal time constant is between approximately 5 seconds 
and 14 seconds. 

6 The apparatus of claim 5 further including an input device for receiving user defined setpoints defining a 
hold time/temperature profile, wherein maid computing apparatus includes means for controlling said 
heating and cooling means as a function of said user defined setpoints and said sample temperature. 

7. The apparatus of claim 6. wherein said setpoint temperatures are target sample temperatures. 

8, The apparatus of claim 1 further including an input device for receiving user defined setpoints defining a 
hold time/temperature profile, wherein said computing apparatus includes means for controlling maid 
heating and cooling means as a function of maid user defined setpoints and said sample temperature. 

9 The apparatus of claim 7, wherein said sample block is comprised of a central region containing in an 
upper surface an array of sample wells for holding said sample tubes, an end edge region comprising two 
end edges at opposite ends of said block which are in themial contact with ambient, and a manifold region 
comprising two manifold edges at opposite sides of said block, wherein each said manifold edge is ther- 
mally coupled to a manifold. 

10 The apparatus of claim 9 wherein said heating means is a heater having a central heating zone thenmally 
coupled to said central region, an end edge heating zone thennally coupled to said edge region, and a 
manifold heating zone thenmally coupled to maid manifold region. 

11. The apparatus of claim 10 wherein said computing apparatus determines a first power to be applied to 
said heating zones in said current sample interval by: 
a. determining a theoretical second power representing the total power to apply to said block in said 
cun-ent sample interval without accounting for power losses. 
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b. dividing said theoretical second power into theoretical powers to be applied to each said individual 
zone in said current sample interval, 

c. determining power losses by said regions in said current sample interval, and 

d. determining an actual third power to be applied to each said Individual zone in said cun-ent sample 
interval, said third power accounting for power losses by said regions. 

12- The apparatus of daim 1 1 , wherein one of said user defined setpoints is the target sample temperature 
after ramping said sample temperature at said preselected ramp rate, and wherein said computing 
apparatus Includes means for determining said theoretical second power to be applied to all said zones, 
including: 

a. means for determining a total fourth power to all heating zones to achieve said preselected ramp rate. 

b. means for determining said temperature of the sample block in said current sample interval as a func- 
tion of said fourth power. 

c. means for detenmining said sample temperature in said current sample internal, 

d. means for determining a fraction of the difference between the target sample temperature after ramp- 
ing and the sample temperature in said immediately preceding sample interval to be made up in said 
cunrent sample Internal, and 

e. means for determining said theoretical second power to make up said friction in said current sample 
interval. 

13. The apparatus of daim 12 additionally comprising bias cooling constantly applied to said sample block, 
wherein said computing apparatus includes means for determining a total fourth power to all heating zones 

to achieve a desired ramp rate according to: 

Power- CP/ram p_rate + bias 
where Power is said total power to all heating zones to achieve a desired ramp rate. CP equals the thermal 
mass of said block, bias Is the cooling power of said bias cooling and ramp_rate is the difference between 
the target sample temperature after ramping and the sample temperature at the commencement of ramp- 
ing divided by a preselected ramp rate. 

14. The apparatus of claim 12 or 13. wherein said computing apparatus determines said temperature of said 
sample block in said cunrent sample inten/ai according to: 

Tb„ = Tb^, + Power * (t|nteiva|/CP) 

where Tb^Js equal to the temperature of the block at time n-1 . tiMervai 's the time in seconds between sample 
intervals.'cP is equal to a thenmal mass of said block, and power is said fourth power. 

15. The apparatus of claim 12, 1 3 or 14 wherein said computing apparatus detemnines said theoretical second 
power to make up said friction in said current sample interval as a function of 

CP/tinteival * ( (SP-T„mp^,) * F * tau/tmterval + ^sBmp^, " Tb„) 

where Pwr equals said theoretical second power to be applied to make up said fraction in said current 
sample interval, CP is equal to a thennnal mass of said block, SP equals said target sample temperature 
after ramping, and F is said fraction of the difference between said target temperature after ramping and 
said sample temperature to be made up in said cunrent sample interval. 

16. The apparatus of claim 14 or 15 wherein tmteivai equals approximately 0.2. 

17. The apparatus of daim 1. wherein said known volume of liquid sample mixture Is In the range of approxim- 
ately 20-100 microliters. 

18. The apparatus of any of daims 1 2 through 1 5, wherein said computing apparatus adjusts said theoretical 
second power to make up said fraction in said current sample interval when said sample temperature in 
said Immediately preceding sample interval is within an integral band of said target sample temperature 
after ramping. In order to dose out remaining error. 

19. The apparatus of claim 18, wherein said integral band is approximately V- 0.5*» C. 

20. The apparatus of any of daims 12-19, wherein said computing apparatus adjuste said theoretical second 
power to make up said fraction in said cunrent sample interval by adding thereto a power adjustment tenm, 
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to accountfor power which, because of physical limitations, was not delivered in previous sample intervals, 
given by: 

int_SUmn = int_SUmn-i + (SP - Tsampn-l) 

pwr_adj = kl * int_sumn 

5 where pwr_adj equals said power adjustment term, int_sum„ is a value of an accumulating integral temi 

at time n, int_sum„.i is a value of said accumulating integral temn at time n-1 , SP equals said target sample 
temperature after ramping, Tsamj^^equals the temperature of the sample attimen-i. and ki equals an integral 

gain constant 

^0 21. The apparatus of claim 20, wherein said Integral gain constant is approximately 512. 

22. The apparatus of claim 1 1 , wherein said computing apparatus divides said theoretical second power into 
the theoretical power to be applied to each said individual zone in proportion to the relative areas of said 
zones. 



IS 



23, The apparatus of claim 11, wherein said computing apparatus determines power losses by: 

a. determining power lost to a foam backing on said sample block in said current sample interval 

b. determining power lost to said manifolds in said current sample interval, and 

c. determining power lost in said end edge region to ambient in said current sample interval. 



20 



24. The apparatus of claim 23, wherein said computing apparatus detenmines said power lost to said foam 
backing in said cunrent sample interval by: 

a. detenmining temperature of said foam backing in said current sample interval, 

b. determining the block temperature in said current sample interval, and 

25 c. determining said power lost to said foam backing a a function of said temperature of said foam backing 

in said current sample interval, said temperature of said block in said current sample interval, and a 
thermal time constant of said foam backing. 

25. The apparatus of claim 24, wherein said computing apparatus detemnines the temperature of the foam 
30 backing in said current sample interval, T^am* according to: 

Tfeam„ = Tfoam^, + ( "^B„ " Ttbanrv, ) * t|nterval ' tau2 

where Tfoanv *s equal to the temperature of the foam at time n. Tfoam^, "s equal to the foam temperature at 
time n-1, and tau2 is said thermal time constent of said foam backing. 



35 



40 



26. The apparatus of claim 25, wherein tau2 is approximately 30 seconds and t,ntarvai is approximately 0.2. 

27, The apparatus of any of claims 24-28, wherein said computing apparatus detemnines said temperature 
of said sample block in said current sample intervall according to: 

Tb„ = Tb^- + Power * ftmen/al/CP) 

where Tb^^ is equal to the temperature of the block at time n-1. tintervai is the time in seconds between 
sample intervals. CP is equal to the thermal mass of said block, and Power is a total fourth power to all 
heating zones to achieve said preselected ramp rate. 

45 28. The apparatus of any of claims 24-27. wherein said computing apparatus determines the power lost to 
said foam backing as a function of said temperature of said foam backing according to: 

foam-pwr = C * (Tb„ - TfoanJ 
where foam-pwr is said power lost to said foam backing at time n, Tfoam„ is equal to the temperature of the 
foam at time n and C is equal to the thermal mass of the foam backing. 

so 

29. The apparatus of any of claims 23-28 additionally comprising means for delivering a bias coolant con- 
stantly applied to said sample block, wherein said computing apparatus determines the power lost to said 
manifolds in said current sample interval according to: 

manifoldjoss = KA (Tb„ - Ta^ + KC (Jb^ - Tc^ + TM (dT/dt) 

where manifoldjoss equals said power lost to said manifolds in said current sample interval, KA equals 
an end edge region-to-ambient conductance constent, Ta„ equals the ambient temperature at the time n, 
Tc equals a temperature of said bias coolant at time n, KC equals a sample block-to-coolant conductance 
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constant, Tm equals the thermal mass of said manifolds and dT/dt equals said preselected ramp rate. 

30. The apparatus of any of claims 23-29, wherein said apparatus for performing automated polymerase chain 
reactions includes an enclosure for said sample block defining an enclosed ambient atmosphere and said 
computing apparatus determines the power lost to ambient in said currant sample interval according to: 

ambientjoss - K2A (Tb„ - TaJ + K2C (Tb„ - Tc) + TM2 (dT/dt) 
where ambientjoss is said power lost to said ambient in said current sample interval, K2A equals an end 
edge region-to-ambient conductance constant, TA„equals ambient temperature at time n, K2C equals an 
end edge region-to-coolant constant, Tc„ equals the coolant temperature at time n, TM2 equals ttie thenmal 
mass of said enclosed ambient atmosphere, and dT/dt equals said preselected ramp rate. 

31. The apparatus of daim 1 1 . wherein said computing apparatus determines said actual power to be applied 
to each said individual zone in said current sample interval according to: 

centraLpwr = pwr*cper 
manifold_pwr = pwr*mper + manifoldjoss 
edge_pwr = pwr * eper + ambientjoss 
where pwr equals said theoretical power, manifoldjoss equals a power lost to said manifolds in said cur- 
rent sample interval, ambientjoss equals a power lost in said edge region to said ambient in said current 
sample interval, centraLpwr equals a power to be applied to said central heating zone in said current 
sample interval, manifold_pwr equals a power to be applied to said manifold heating zone in said current 
sample interval, edge_pwr equals a power to be applied to said end edge heating zone in maid current 
sample interval, cper equals fraction of sample block area in said central region, mper equals fraction of 
sample block area in said manifold region, and eper equals fraction of sample block area In said edge 
region. 

32. The apparatus of claim 31, wherein cper equals approximately .66, mper equals approximately .20 and 
eper equals approximately .14. 

33- The apparatus of claim 9, wherein said sample block contains multiple transverse bias cooling channels 
altemating with multiple transveree ramp cooling channels, said bias and ramp cooling channels being 
parallel to said upper surface, said apparatus further comprising means for consistently pumping chilled 
coolant through said bias cooling channels and value means controlled by said computing apparatus for 
selectively pumping chilled coolant through said ramp cooling channels. 

34. The apparatus of daim 33 wherein said computing apparatus detenmines a ttieoretical cooling power to 
be applied to said block. 

35. The apparatus of daim 34 wherein said computing apparatus indudes means for determining said cooling 
power, induding 

a. means for determining a total fifth power to said block to achieve a desired downward ramp rate. 

b. means fordetemiining said temperature of the sample block in said current sample internal as a func- 
tion of said frfth power, 

c. means for determining said sample temperature in said current sample interval, 

d. means for determining a fraction of tiie difference between the target sample temperature after ramp- 
ing downward and the sample temperature in said immediately preceding sample interval to be made 
up in sakl current sample interval, and 

e. means for detenmining said theoretical cooling power to make up maid fraction in said current sample 
interval. 

36. The apparatus of daim 35 additionally comprising bias cooling constantiy applied to said sample block, 
wherein maid computing apparatus indudes means for detenmining a total fourth power to all heating 
zones to achieve a desired ramp rate according to: 

Power = CP/ramp_rate + bias 
where Power is said total power to said block to achieve a desired ramp rate, CP equals tiie thermal mass 
of said block, bias is the cooling power of said bias cooling and ramp_rate is the difference between the 
target sample temperature after ramping and the sample temperature at the commencement of ramping 
divided by a preselected ramp rate. 
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37. The apparatus of claim 36. wherein said computing apparatus detemiines said theoretical cooling power 
to make up said fraction In said cun'ent sample interval as a function of 

CP/t,rtervaI * ( (SP -Tsamp^,) * F • tau/t|nterval + ^samp^ ' 

where Pwr equals said theoretical cooling power to be applied to make up said fraction in said current 
s sample interval, CP is equal to a thermal mass of said block, SP equals said target sample temperature 

after ramping, and F is said fraction of the difference between said target temperature after ramping and 
said sample temperature to be made up in said current sample interval. 

38. The apparatus of claim 37, wherein sakJ computing apparatus determines a power lost to said manifolds 
10 in said current sample interval according to: 

manifoldjoss = KA (Tb„ - T^J + KC CTb„ - Tc) + TM (dT/dt) 
where manifoldjoss equals said power lost to said manifolds in said current sample interval, KA equals 
an end edge region-to-ambient conductance constant, Ta„ equals the ambient temperature at the time n, 

Tc„ equals a temperature of said bias coolant at time n, KC equals a sample block-to-coolant conductance 
constant, Tm equals the thermal mass of said manifolds and dT/dt equals said preselected ramp rate. 

39. The apparatus of daim 38, wherein said apparatus for performing automated polymerase chain reactions 
includes an enclosure for said sample block defining an enclosed ambient atrriosphere and said computing 

2Q apparatus detemnines a power lost to ambient in said cunrent sample interval according to: 

ambientjoss = K2A (Tb„ - TaJ + K2C (Tb„ - Tc^ + TM2 (dT/dt) 
where ambientjoss is said power lost to said ambient in said current sample interval, K2A equals an end 
edge region-to-ambient conductance conatant, Ta^ equals ambient temperature at time n, K2C equals an 

end edge region-to-coolant constant, Tc„ equals the coolant temperature at time n, TM2 equals the thermal 
mass of said endosed ambient atmosphere, and dT/dt equals said preselected ramp rate. 

40. The apparatus of claim 39 wherein said computing apparatus indudes valve means for opening said chan- 
nels for cooling said block at said current sample interval, comprising means for. 

a. means for determining that ramp directbn is downward, 
^ b. means for determining an intermediate power value by subtracting values for power lost to said mani- 

folds end said ambient from said theoretical cooling power, 

c. means for determining a cooling breakpoint as a function of said block temperature and a temperature 
of said coolant, and 

d. means for determining if said ramp cooling channels shall be opened as a function of said inter- 
^ mediate power and maid cooling breakpoint. 

41. The apparatus of claim 40, wherein said cooling breakpoint is a function of the difference between said 
block temperature at said current sample interval and said temperature of said coolant fluid at said current 
sample interval. 

40 

42. The apparatus of daim 41, wherein said ramp cooling channels will be open if said intermediate power 
is less than said cooling breakpoint. 

43. The apparatus of claim 7, wherein the controlling of said heating and cooling means as a function of said 
^ user defined setpoints constitutes running said profile as a profile run. 

44. The apparatus of daim 43, wherein sakJ computing apparatus comprises means for allowing usere to 
invoke said profile ains. 

^ 45. The apparatus of claim 44, wherein said input device further comprises means for receiving a user defined 
cyde count for each said profile, said cycle count constituting the number of times said profile will be run 
when it is Invoked. 

46. The apparatus of daim 45, wherein said computing apparatus further comprises means for linking multiple 
^ profiles in any order to fonm a protocol, said protocol defining a sequence of said profiles to be run, wherein 

invoking said sequence of profiles to be run constitutes running said protocol as a protocol run. 
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47. The apparatus of claim 46, wherein said computing apparatus further comprises means for linking a single 
profile a plurality of times In a single protocol. 

48. The apparatus of either of claims 46-47, wherein said computing apparatus further comprises means for 
5 storing a pluraliW of protocols. 

49. The apparatus of any of dainns 46-48, wherein said computing apparatus comprises means for including 
any said profile in a plurality of said protocols. 

10 50. The apparatus of any of claims 46-49, wherein said computing apparatus comprises means for protecting 
a profile included in any protocol from being deleted or overwritten. 

51. The apparatus of claim 43, further comprising a means to determine that electrical power to operate said 
apparatus went off during a said am of a said profile. 

15 

52. The apparatus of daim 51 further comprising a means to report the length of said electrical power outage 
when said electrical power is restored. 

53. The apparatus of either of clainns 51 -52, further comprising means for automatically starting a soak upon 
20 restoration of said electrical power, said soak being at a temperature selected to maximize the chance of 

saving said samples. 

54. The apparatus of claim 53, wherein said temperature to save said samples is 4°C. 

25 55. The apparatus of any of daims 45-54 further including means for automatically Increasing the hold time 
of any or all setpoints from cycle to cyde in said cycle count. 

56. The apparatus of claim 55, wherein activation of said means for automatically increasing the hold time of 
any or all setpoints from cyde to cycle is selectable as a user level option via said input device. 

30 

57. The apparatus of either of daims 55-56, wherein said automatic increases in the hold time of any or all 
setpoints from cyde to cycle are by first user defined values input via said input device. 

58. The apparatus of daim 57, wherein said automatic increases in the hold time from cyde to cycle are linear 
35 based on said first user defined values. 

59. The apparatus of daim 57, wherein said automatic increases in the hold time from cycle to cyde are 
geometric based on said first user defined values. 

40 60. The apparatus of any of daims 45-59 further induding means for automatically decreasing the hold time 
of any or all setpoints from cycle to cyde in said cycle count. 

61. The apparatus of claim 60, wherein activation of said means for automatically decreasing the hold time 
of any or all setpoints from cycle to cycle is selectable as a user level option via said input device. 

45 

62. The apparatus of either of claims 60-61, wherein said automatic decreases in the hold time of any or all 
setpoints from cyde to cycle are by second user defined values input via said input device. 

63. The apparatus of daim 62, wherein said automatic decreases in the hold time from cyde to cyde are linear 
50 based on said second user defined values. 

64. The apparatus of daim 62, wherein said automatic decreases in the hold time from cyde to cycle are 
geometric based on said second user defined values. 

55 65. The apparatus of any of daims 45-64 further induding means for automatically increasing the setpoint 
temperature of any or all setpoints from cycle to cycle in said cyde count. 

66. The apparatus of claim 65, wherein activation of said means for automatically increasing the se^oint tem- 
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perature of any or all setpoints from cyde to cycle Is selectable as a user level option via said Input device. 

67 The apparatus of either of claims 65-66. wherein said automatic Increases in the setpoint temperature of 
any or all setpoints from cyde to cyde are by third user defined values input via said input device. 

68. The apparatus of daim 67. wherein said automatic increases in the setpoint temperature from cyde to 
cyde are linear based on said third user defined values. 

69. The apparatus of claim 67, wherein said automatic increases in the setpoint temperature from cyde to 
cyde are geometric based on said third user defined values. 

70. The apparatus of any of dalms 45-69 further induding means for automatically decreasing the setpoint 
temperature of any or all setpoints from cycle to cyde in said cyde count 

71 The apparatus of daim 70. wherein activation of said means for automatically decreasing the setpoint tem- 
perature of any or all setpoints from cyde to cyde Is selectable as a user level option via said Input device. 

72 The apparatus of either of dalms 70-71 . wherein said automatic decreases In the setpoint temperature 
of any or all setpoints from cyde to cyde are by fourth user defined values Input via said input device. 

73. The apparatus of claim 72. wherein said automatic decreases in the setpoint temperature from cyde to 
cyde are linear based on said fourth user defined values. 

74. The apparatus of daim 72, wherein said automatic decreases in the temperature from cyde to cyde are 
geometric based on said fourth user defined values. 

75. The apparatus of any of dalms 43-74. further comprising a programmed pause option means to automati- 
cally halt a run for a user defined period of time. 

76 The apparatus of daim 75. wherein said pause option means comprises means to halt said run after any 
or all setpoints are complete, during any or all cycles and after any or all of the profiles in a protocol are 



run. 



77 The apparatus of any of dalms 7-76 further comprising a means to allow a user to define, via said input 
device, a temperatore range such that said setpoint hold time will begin when said sample temperatore 
is within said temperature range of said setpoint temperature. 

78 The apparatus of daim 2, further comprising an input device for receiving a tube type and a reaction 
volume, and wherein said computing apparatus detenmines said themral time constant for said reaction 
tube as a function of said tube type and said reaction volume. 

79. The apparatus of daim 10, further comprising a means for perfomiing diagnostic checks of said heating 
means. 

80. The apparatus of daim 79, wherein said checl^s comprise one or more heater ping teste, block thermal 
capacity teste, ramp cooling conductance teste, sensor lag teste. 

81. The apparatus of daim 33. further comprising a means for performing diagnostic checks of said cooling 
means. 

82 The apparatus of daim 81 , wherein said checks comprise one or more control cooling conductance teste, 
block thermal capacity teste, chiller tests, ramp cooling conductance teste, sensor lag teste, coolant 
capacity teste. 

83. The apparatus of daim 1. further comprising a means for performing hardware diagnostics on user 
demand and/or automatically upon system start-up. 

84. The apparatus of daim 55, wherein said hardware diagnostics indude teste of one or more of a Programm- 
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able Peripheral Interface device, Battery RAM device. Battery RAM checksum. EPROM devices. Prog- 
rammable Interface Timer devices, Clock/Calendar device. Programmable Interrupt Controller device. 
Analog to Digital Section. RS-232 Section, Display Section. Keyboard. Beeper. Ramp Cooling Values. 
EPROM mismatch. Firmware version level. Battery RAM Checksum and Initialization. Autostart Program 
Flag, aear Calibration Flag. Heated Cover heater and control circuitry. Edge heater and control circuitry. 
Manifold heater and control circuitry. Central heater and control circuitry. Sample block themnal cutoff. 
Heated cover thennal cutoff. 

85. The apparatus of daim 43 further including means for adjusting temperature sensor readings to account 
for drift in analog circuitry. 

86. The apparatus of daim 85 wherein said means for adjusting temperature sensor readings to account for 
drift in the analog circuitry detemnines said drift by 

a) Measuring one or more test voltages under controlled conditions. 

b) Reading said voltages at the start of each run to measure electronic drift 

87. The apparatus of claim 46. wherein said computing apparatus comprises a means to display, during a 
run. the approximate amount of time left in the run of a profile and/or all of the profiles left to be run in a 
running protocol. 

88. The apparatus of any of daims 43-50. wherein said computing apparatus comprises a means to display, 
during a run. the sample temperature at any given time in the run. 

89. The apparatus of daim 7. further comprising means for detenmining, for a given setpoint. a first difference 
between said sample temperature at the end of said setpoint hold time and said setpoint sample tempera- 
ture of said setpoint 

90. The apparatus of daim 89. wherein said input device further comprises a means for receiving a user 
defined temperature differential. 

91 . The apparatus of daim 90. wherein said computing apparatus comprises means to report an enror if said 
user defined temperature differential is greater than said first difference. 

92. The apparatus of daim 7. further comprising means to configure the temperature the apparatus will return 
to during any idle state. 

93. The apparatus of daim 7. further comprising means to check that said setpoint sample temperature is 
reached within a predetermined amount of time. 

94. The apparatus of any of claims 65-74. further comprising a means to check that the said automatically 
modified setpoint sample temperature has not exceeded 100«C and/or has not gone below O-'C. 

95. The apparatus of any of claims 55-74. further comprising a means to check that said automatically mod- 
ified setpoint hold time is not negative. 

96. The apparatus of daim 1 further comprising means to continually monitor said block sensor and to invoke 
an abort procedure if said sensor readings are above a maximum desireable temperature for said block 
by a predetenmined number of degrees a predetenmined number of times. 

97. The apparatus of claim 96. wherein said abort procedure indudes one or more of aborting the running 
profile, flagging the error in a history file, displaying message alerts to a user, disabling said heaters. 

98. The apparatus of any of daims 43-50. further comprising means for printing infomnation stored in said sys- 
tem. 

99. The apparatus of claim 98, wherein said information indudes at least one of. contents of a profile, contents 
of a protocol, listing of created profiles, listing of created protocols, configuration parametere, system cali- 
bration parameters. 

122 



EP 0 488 769 A2 



100. The apparatus of any of claims 1-99. further comprising the abiiity to perfonn ali available user interface 
Junctions remotely. 

101. The apparatus of any of claims 1-99 wherein said computing apparatus comprises means to display a 
menu driven user interface to reduce user reliance on vwritten manuals. 

102 The apparatus of any of claims 43-50 wherein said computing apparatus maintains a history file of an 

■ immediately previous run containing details of said previous run intended for integrity checks and error 
analysis. 

103 A method for computer control of the automated perfomiance of polymerase chain reactions in atleast 

■ one sample tube containing a known volume of liqukl sample mixture by means of a computer-conbolled 
themiocycler including a computing apparatus, a sample block having at least one well for said at least 
one sample tube, a block temperature sensor themnally coupled to said sample block, and hea ing and 
cooling means controlled by said computing apparatus for changing the temperature of said sample block, 
comprising the steps by said computing apparatus of 

a reading the block temperature at predetenfnined times. 

b. determining the temperature of said liquid sample mixture as a functton of the temperature of said 
sample block over time, and 

c. controlling said heating and cooling means as a function of sakJ sample temperature. 

104. The method according to daim 103 wherein said step of determining the temperature of said liquid sample 

comprises the steps of . ■ *i' 

(I) determining a first thermal time constant for said at least one sample tube and said volume of liquid 

sample mixture. . 

(ii) detennining a second thermal time constant for said block temperature sensor, and 

(lii.) determining the sample temperature in a cunrent sample interval at a current time n according to 

the formula 

Where T^p„ is equal to the sample temperature at time n. T„„p^, Is equal to the sample temperature at 
an Immediately preceding sample Interval having occurred at time n-1. Tb, is equal to the block tempera- 
ture at time n. t,nt.™, is a time In seconds between sample intervals, and tau is said first themial time con- 
stant minus said second themnal time constant. 

1 05 The method acconling to daim 1 03 wherein said sample block comprises a central regton containing said 
■ atleast one well, an end edge region In themial contactwith ambient and a manifold region themially coup- 
led to at least one manifold, wherein said heating means indudes a zone for each of said regions, and 
wherein the step of controlling said heating means comprises the step of 

(Iv) detemiining a theoretical second power representing the total power to apply to said block in a cur- 
rent sample interval at a current time n without accounting for power losses. 

(V) dividing said theoretioal second power into theoretical powers, one to be applied to each of said heat- 
ing zones. 

(vi) detemiining power losses by said regions in said current sample interval, and 

(vii) determining an actual third power for each of saW zones in said current sample Interval to account 
for power loss by each said zone. 

106 The method according to daim 105 wherein said theimocyder additionally Indudes bias cooling oon- 
" stantly applied to said sample blodt. wherein said computer-controlled cooling means comprises selec- 
tively operable ramp cooling means for selectively delivering a cooling fluid to said sample block, and 
wherein the step of controlling said selectively operable ramp cooling means indudes the steps of 

(vlll) determining that sample temperature ramp directton is downward. 

(Ix) determining the temperature of said cooling fluid. .^u, 

(X) determining as a function of said sample temperature a total cooling power to apply to said block in 

sakJ curre nt sample Interval without accou nting for power losses. 

(xi) detemiining an intemiediate cooling power by subtracting power loss to said at least one manifold 
and to ambient from said total cooling power. 
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(xii) determining a cooling breakpoint as a function of tlie difference between the block temperature and 
the temperature of said cooling fluid in the current sample interval, and 

(xiii) selectively operating said ramp cooling means as a function of the difference between said inter- 
mediate cooling power and said cooling breakpoint 

107- Thermocycler apparatus suitable for automated performance of the polymerase chain reaction comprising 

a. a metal sample block having a major top surface and a major bottom surfece, 

b. an array of spaced-apart sample wells formed in said major top surface, 

c. bias cooling constantly applied to said sample block at a rate sufficient to cause said block, if at a 
temperature within the range of 35-1 00*»C. to cool unifbnmly at a rate of at least about 0.1 °C/sec unless 
external heat is supplied, and 

d. computer-controllable heating means responsive to said compuer system capable of uniformly rais- 
ing the temperature of said block at a rate greater than the bias cooling rate, said themnocycler 
apparatus being capable, under the control of a computer, of maintaining the array of sample wells at 
a constant in the range of 35-100''C within a tolerance band of plus or minus about 0.5<*C. 

108. Thermocycler apparatus according to claim 107 wherein said anray comprises a rectangular array having 
roughly of spaced-apart sample wells. 

109. Thermocycler apparatus according to claim 108 wherein said array comprises an 8-by-12 rectangular 
array having center-to-center sample well spacing compatible with industry standard microtiter plate for- 
mat. 

110. Thermocycler apparatus according to claim 109 wherein said sample block has a block thermal capacity 
of about 500-600 watt-seconds per °C. 

111. Thermocycler apparatus according to claim 108 wherein said sample block contains multiple transverse 
bias cooling channels through said block parallel to said top surface and parallel to and spaced from the 
rows of wells, and wherein said bias cooling is applied by pumping cooling liquid through said bias cooling 
channels. 

112. Thermocycler apparatus according to claim 111 wherein said bias cooling channels are insulated. 

113. Thermocycler apparatus according to claim 107 wherein said computer-controllable heating means conrv 
prises mtil^S^^^eparately controllable heating zones for said block, at least one first zone for the portion 
of the block containing the array of sample wells and at least one second zone for the peripheral portion 
of the block outside the array. 

114. Thermocycler apparatus according to claim 123 wherein said computer-controllable heating means com- 
prises a multizone film heater in thermal contact with said major bottom surface. 

115. Thermocycler apparatus according to claim 107 wherein said sample block includes around its periphery 
a guard band having themnal characteristics similar to the block portion containing the anray and wherein 
said guard band is bias cooled and controllably heated. 

116. Thermocycler apparatus according to claim 1 15 wherein said guard band includes a groove fomned in said 
top surface extending substantially around said array, decreasing the thennal conductivity between the 
block portion containing the array and the guard band. 

117. Thermocycler apparatus according to claim 115 wherein said computer-controllable heating means com- 
prises multiple, separately controllable heating zones for said block, at least one first zone for the portion 
of the block containing the array of sample wells and at least one second zone for the guard band. 

118. Thermocycler apparatus according to claim 117 wherein said computer-controllable heating means conr>- 
prises a multizone film heater in thenmai contact with said major bottom surface. 

119. Thermocycler apparatus according to claim 107 further comprising computer-controllable ramp cooling 
means capable of lowering the temperature of said block at a rate of at least about 4*'C per second from 
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100**C and at least about 2**C per second from 40**C. 

120 Thermocyder apparatus according to claim 119 wherein said array comprises a rectangular array com- 
prising rows of spaced-apart sample wells, wherein said sample block contains multiple transverse bias 
cooling channels alternating with multiple transverse ramp cooling channels, and wherein said bias cool- 
ing and said ramp cooling are applied by pumping cooling liquid through said ramp cooling channels and 
said bias cooling channels. 

1 21 . Thermocyder apparatus according to daim 1 20 further comprising means to deliver cooling liquid to oppo- 
site ends of successive ramp cooling channels. 

122, Thermocyder apparatus according to daim 1 1 9 wherein said computer-controllable heating means is cap- 
able of ramp heating. 

123 Thermocyder apparatus according to claim 122 wherein said controllable heating comprises multiple, 
separately controllable heating zones for said block, at least one first zone for the portion of the block con- 
taining the array of sample wells and at least one second zone for the portion of the block outside the 
array. 

124. Thermocyder apparatus according to daim 123 wherein said computer-controllable heating means com- 
prises a multlzone film heater in thermal contact with said major bottom surface. 

125 Thermocyder apparatus according to claim 1 07 further comprising means for seating into the wells in said 
array sample tubes of nonldentical height with a seating force on each sample tube sufficient to cause a 
snug, flush fit between the surface of the tube and the surface of the well. 

126 Thermocyder apparatus according to daim 125 wherein said means for seating comprises deformable, 
compliant, gas-tight caps for said sample tubes, a vertically displaceable platen, and controllable means 
for forcibly lowering said platen to maintain said seating force on the cap for each tube. 

1 27- Thermocyder apparatus according to daim 1 26 wherein said platen is maintained at a heated temperature 
in the range of 94-1 10*»C. 

128- Thermocyder apparatus according to daim 127 wherein said platen is maintained at a temperature in the 
range of 100-1 10°C. 

129- Thermocyder apparatus according to any of daims 107-128 further comprising a computer system for 
controlling said heating means. 

130. Thermocyder apparatus according to any of daims 1 19-124 wherein said computer system controls said 
ramp cooling means. 

131. Thermocyder apparatus suitable for automated, rapid performance of the polymerase chain reaction com- 
prising . ^ _C M 

a a thermally homogeneous metal sample block of low thermal mass having a major top surface and 
a major bottom surface, said block containing in a central region of its upper surface an 8-by-12 rec- 
tangular array of sample wells having center-to-center spacing compatible with industry standard micro- 
titer plate format, said block also containing a peripheral region surrounding said array, said peripheral 
region comprising a guaixl band having themnal characteristics similar to the themnal characteristics of 
the central region. 

b a bias cooling system for constantly cooling said sample block at a bias cool ing rate sufficient to cause 
said block, if at a temperature within the range of 35-1 to cool uniformly at a rate of at least about 
0.1°C/sec unless external heat is supplied. 

c. a computer system for receiving and storing user data regarding times and temperatures defining a 

plurality of reaction cydes. , ui 

d a ramp cooling system controlled by said computer system for selectively cooling said sample block 
at a ramp cooling rate of at least about 4<*C/sec from 100»C and at least about 2<>C/sec from 40*>C. 
e. a multlzone heating system controlled by said computer system having a heating zone for the central 
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region of the block and a heating zone for the guard band, said heating system being capable of pro- 
viding heat necessary to maintain the sample block at a constant temperature in the range of 35-1 00*'C 
and also capable of providing ramp heating to the block, 

f. a pressing cover vertically displaceable above said sample block, and 

g. cover displacing means for raising said cover and for lowering said cover and maintaining its vertical 
position against a resisting force of at least about 3000 grams, said thenmocyder apparahjs being cap- 
able of maintaining the array of sample wells at a constant temperature in the range of 35-1 OO^'C within 
a tolerance t>and of plus or minus 0.5°C. 

132. Thermocyder apparatus according to claim 131 wherein said pressing cover comprises a heated platen 
maintainable at a temperature in the range of g4-110**C. 

133. Thermocyder apparatus according to claim 131 wherein said multizone heating system comprises a film 
heater in thermal contact with the bottom surface of the sample block. 

134. Thermocyder apparatus according to claim 133 wherein said bias cooling system comprises a series of 
bias cooling channels through said block parallel to said top surface and parallel to and spaced from the 
rows of wells, and pump means for pumping cooling liquid through said bias cooling channels. 

135. Thermocyder apparatus according to claim 134 wherein said ramp cooling system comprises a series of 
ramp cooling channels through said block parallel to the bias cooling channels and spaced apart therefrom 
and from the rows of wells, and pump means for pumping cooling liquid through said ramp cooling chan- 
nels, entering at opposite ends of successive ramp cooling channels. 

136. Thermocyder apparatus according to daim 135 wherein there is one bias cooling channel and one ramp 
cooling channel proximate each row of sample wells, 

137. Thermocyder apparatus according to daim 131 further comprising the apparatus according to daim 153 
for holding up to 96 miciotiter sample tubes placed in said metal sample block, and wherein the tops of 
said deformable caps protrude slightly above an uppenmost edge of said two-piece plastic holder. 

138. Thermocyder apparatus according to daim 137 wherein the downward displacement of said cover 
deforms the tops of said caps downwardly until the displacement is stopped by said uppermost edge of 
said two-piece plastic holder. 

139. Thermocyder apparatus according to daim 138 wherein said uppemnost edge of said two-piece plastic 
holder contacts the underside of said cover around the entire periphery of said edge, thus fonning a gas- 
tight seal. 

40 140. Thermocyderapparatus according to claim 131 comprising at least two heating zones for the guard band. 

141. A two-piece plastic holder for loosely holding up to 96 microtiter sample tubes of a preselected design, 
each having a cylindrically shaped upper section open at its top end and a dosed, tapered lower section 
extending downwardly therefrom, each tube being of circular cross section and having a circumferential 
shoulder extending outwardly from said upper section at a position on said upper section below the open 
end thereof, comprising 
a. a one-piece tray member comprising 

i. a flat, horizontal plate section containing 96 holes in an 8-by-1 2 rectangular anray compatible with 
industry standard microtiter plate format, said hdes being slightly larger than the outside diameter 
of the upper secttons of said tubes but smaller than the outside diameter of said shoulder, 

ii. a first vertical tray sidewall section completely around said plate extending upwardly to a height 
greater than the height of a tube resting in one of said holes, 

iil. a second vertical tray sidewall section around said plate extending downwardly approximately to 
the bottom of the upper section of a tube resting in one of said holes, 
55 b. a one-piece retainer releasably engageable inside said tray over any sample tubes resting in said 

tray comprising 

1. a flat, horizontal plate section containing 96 holes in an 8-by-1 2 rectangular array compatible with 
industry standard microtiter plate format, said hdes being slightly larger than the outside diameter 
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of the upper sections of said tubes but smaller than the outside diameter of said shoulder, 

ii. a vertical retainer sidewall section around said retainer plate section extending upwardly from said 

Oldtd 

wherein when said retainer Is engaged inside said tray, the retainer plate section lies siightiy above the 
shoulder of a tube resting in said tray and the first tray sidewall section is about as high as said retainer 
sidewall section, whereby tubes resting in said tray are retained loosely both vertically and laterally. 

142. Apparatus according to daim 141 wherein the holes in said tray section are countersunk and wherein the 
underside of the shoulders of said tubes are correspondingly beveled. 

143. Apparatus according to daim 142 wherein the holes in the tray plate sectton and In the retainer plate sec- 
tion are larger In diameter than said tubes by about 0.7 mm. 

144. Apparatus according to daim 141 wherein said tray member further comprises a plurality of support ribs 
extending along the undereide of the tray plate member between rows of holes said ribs extending down- 
wardly to the same extent as said second vertical tray sidewall section. 

145 Apparatus according to daim 141 wherein said tray member further comprises a skirt section extending 
' at least partially around sakJ tray plate section and depending vertically from that section, said skirt sectoon 

being adapted to fit into a guard band groove in a thermocyder sample block. 

146 Apparatus according to daim 141 wherein said tray plate section has at least two openings provided the- 
" rein and said retainer plate section has an identical number of vertical tabs, downwardly extending from 

sakl retainer plate, such that said tabs project through said openings and reieasably engage the tray when 
saki retainer is assembled with said tray. 

147 Apparatus according to claim 146 wherein said tabs are disposed so as to form part of a skirt section 
" extending downwardly at least partially around said tray plate section and wherein said tabs are adapted 

to fit into a guard band groove in a thennocyder sample block. 

148 Apparatus according to daim 147 wherein said openings and said tabs are positioned such that said 
' retainer and said tray are capable of only one orientation relative to one another when said openings and 

said tabs are engaged. 

149. Apparatus according to daim 1 46 wherein said tabs are deflectable in a sidewlse direction in order to come 
into alignment with said openings. 

150. Apparatus according to daim 141 further comprising up to 96 microtiter sample tubes in said holder. 

1 51 . Apparatus according to daim 1 50 further comprising up to 96 deformable caps on said tubes for forming 
gas-tight seals thereon. 

152 Apparatus according to claim 151 wherein each said cap has a downwardly depending cylindrical flange 
for forming a gas-tight seal with each said tube and a drcumferentlal shoulder extending outwardly from 
said flange which prevents said flange from being seated on said tube below a predetermined point. 

153. Apparatus according to daim 1 52 wherein the outer circumference of said downwardly depending flange 
fits snugly to form a gas-tight seal with the Inner circumference of said tube. 

154. Apparatus according to daim 151 wherein groups of 12 of said caps are linked together to form a single 
strand of caps which are suitably spaced so as to form gas-tight seals with up to 12 of said tubes. 

1 55. Apparatus according to daim 1 41 further comprising a plastic base having 96 wells arranged in an &-by-12 
rectangular array, said wells being dimensioned to snugly accept the lower sections of up to 96 said 
sample tubes, said base being assemblable with said tray, said retainer and 96 of said tubes to form a 
microtiter plate having the footprint of an Industry standard microtiter plate. 

156. Apparatus according to daim 1 51 wherein said caps project above said first vertical tray sidewall section 
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but are downwardly deformable to the height of said section. 

157. Apparatus accoridng to ciaim 156 wherein said caps are defonnabie by heat and vertlcaily downward 
force. 

158. Apparatus according to claim 156 wherein said caps are resiliently deformable. 

159. In a themiocycler apparatus suitable for perfonming the polymerase chain reaction, which thermocyder 
apparatus includes a metal sample block having an anray of spaced-apart sample wells each of which 
has an inside surface, said wells being provided with one or more capped sample tubes each containing 
a sample mixture placed in a microtiter plate having an uppermost edge, which plate is seated on said 
sample block, 

a cover to enclose said capped sample tubes, which cover comprises a flat, horizontal rectangular 
portion and downwardly projecting skirt portions along the periphery thereof and further comprises a 
device for heating at least the underside of said horizontal portion, 

said cover being dimensioned to contact said sample block and to enclose said microtiter plate and 
capped sample tubes on said sample block when the tops of the capable on said sample tubes deform, 
due to the application of heat and a downwardly directed force on said cover. 

160. The cover of claim 159 wherein said side portions are dimensioned such that said skirt portions contact 
said sample block at substantially the same time as the underside of said cover contacts the uppermost 
edge of said microtiter plate as the cover encloses the plate. 

161. The cover of clairr^ 160 wherein the downwardly directed force is sufficient to ensure a snug contact be- 
tween a lower portion of each sample tube and the inside surface of the well which contains said portion. 

162. The cover of claim 159 further comprising knob and screw means for lowering said cover from one height 
to another, said knob and screw means including indication means for identifying a knob position conre- 
sponding to the cover height at which said cover contacts said uppermost edge. 

163. The cover of claim 159 which provides sufficient heating to said capped sample tubes so as to heat the 
caps and the portions of the sample tubes positioned above the sample wells to a temperature above a 
condensation point of vapor from the sample mixture In said one or more tubes. 

164. In a thermocyder apparatus suitable for performing the polymerase chain reaction having a sample well 
in which is seated at least one capped plastic sample tube containing a sample mixture, the improvement 
comprising a heated cover to aid in providing flush contact between said at least one sample tube and 
said sample well. 

165. A disposable reaction container comprising a substantially conically shaped first wall portion and a sub- 
stantially cylindrically shaped second wall portion, said first wall portion being adapted to contact along 
substantially its entire outer surface a correspondingly shaped portion of a heat exchanger, said first wall 
portion being substantially thinner in wall cross-section than said second wall portion. 

166. The reaction container of claim 165 which is adapted to receive a cap which forms a gas-tight seal when 
engaged over said cylindrically shaped second wall portion. 

167. The reaction container of daim 165 wherein the angle defined by the longitudinal axis through said reac- 
tion container and the substantially conically shaped first wall portion is about 17**. 

1 68. The reaction container of claim 1 67 wherein said first wall portion is from about 0.009 to about 0.01 2 Inches 
in wall cross-section. 

169. The reaction container of claim 168 wherein said second wall portion is about 0.030 inches in wall cross- 
section. 

170. The reaction container of daim 165 which is made from an autodavable plastic. 
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171. The reaction container of daim 170 which is made from polypropyiene. 

172. The reaction container of claim 1 65 additionaliy comprising a cap which is connected by a web to the reac- 
tion container and which is capable of fonming a gas-tight seal with the upper portion of said second wall 

5 portion. 

173. The reaction container of daim 172 having sufficient strength to withstand the application of a downward 
force to said cap when said cap is in place atop the upper portion of said second wall portion, which force 
is applied so as to deform said cap. 

10 

174. The reaction container of daim 165 which additionally comprises an annular flange which extends out- 
wardly from the outside of said second wall portion. 
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